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ABSTRACT 
This study aimed at investigating the distributive patterns and 
properties of lateritic gravels at "Yalanbee" (C.S.I.R.O. research station) 
and how these properties and patterns e ffect the adsorption of phosphorus 
onto the lateritic gravels. It also aimed partly at investigating the 
effect of the presence of lateritic gravels on the adsorption of phosphate 
by "whole soils". 
Gravels in the Yalanbee soil had migrated since their formation as 
was shown by their abundance and large size at the top of a slope which 
graded to less abundant, smaller and more rounded gravels further down the 
s lope. The distribution of gravels in the Malebelling soil was not assoc-
iated with the landscape but showed the same relationship between abundance 
and size. A region of soil with a low percentage of gravel (10%) exhibited 
on abundance of smaller gravels (2.0-4.0rnrn) whilst a region of soil with a 
high percentage of gravel (>40%) exhibited gravels mainly of a size greater 
than 4.0rnrn. The pattern of distribution of Kojonup bog-iron was related to 
the proximity of a water course. 
Differences were found in shape, colour, fabric and texture of the 
gravels under study. 
Mineralogical differences were found using x-ray diffraction. The 
main difference was the presence of secondary forms of aluminium (gibbsite 
and boehmite) in Yalanbee soils and its general absence in Malebelling and 
Kojonup soils. The crystal size and composition of minerals did not vary 
with the landscape, however the mineral types present did. 
Lateritic gravels do adsorb phosphate. This adsorption is generally 
on the outer surface as shown through autoradiography and the amount adsorbed 
increases with smaller sized gravels as borne out in phosphate adsorption 
experiments . The amount of phosphate adsorbed by Malebelling gravel s after 
five weeks was greater than that adsorbed by Yalanbee and Ko jonup 
gravels of the same size distribution. Electron microscope work 
suggested that this high adsorption was due to the nature of the 
surface and to the possibility that a porous structure is associated 
with these gravels as evidenced by fungal and bacterial activity 
inside the gravel. The adsorption of phosphate onto "whole soils" 
was greatly effected by the abundance and size of gravel present. 
The adsorption at all levels of phosphate after 24 hours and five 
weeks for most samples was reduced according to the abundance and 
size of gravel present. 
iii 
1. 
INTRODUCTION 
Much work has revolved around lateritic soils, their poor nutritional 
status and often their ability to remove nutrients, particularly phosphorus 
from the soil solution. In western Australia it is these soils that give 
this state a large portion of its income through the production of cereal 
crops. Even though the amount of work on lateritic soils and phosphate 
adsorption is enormous, the understanding of the complex processes involved 
in the adsorption of phosphate by lateritic minerals is still not clear. 
Lateritic soils contain gravels (ferruginous concretions, ironstone 
nodules, pisolites) that are composed of these lateritic minerals and yet 
their ability to adsorb phosphate from solution has been neglected. Their 
effect on the adsorptive capacity of the whole soil has been neglected also. 
Gravel is mostly removed from the soil when it is to be used for plant growth 
experiments, the reason for this most likely being that an even distribution 
or adequate representation of them may not be possible due to disturbance 
inherent in transportation of soils. Gravel is the most common medium used 
in hydroponics and by many indoor plant firms. 
This project aims at investigating the distributive patterns of lateritic 
gravels, some of their properties and their interactions with phosphorus. 
1. LITERATURE REVIEW 
2 . 
1. LITERATURE REVIEW 
1.1 LATERITE 
1.1.1 INTRODUCTION 
Scientific literature abounds with information on laterite, its 
origins and its characteristics. To review all the literature would 
involve several lifetimes of work. 
Buchanan (1807) is named by many authors as the father of the 
term laterite. Since then much argument has centred around the correct 
use of the term and what it actually describes. The argument originates 
from the use of the word in different senses by pedologists, geologists, 
soil physicists and engineers. Other terms and associated words have 
been suggested, some of which remain in use. These include:- plinthite, 
ironstone, lateritic ironstones, brickstone, ferruginised, pisolitic, 
duricrust and many more. 
Geidans (1973) cites Dixey (1920) who describes laterite as "a 
rock of variable composition, consisting of a mixture of hydrated oxides 
of iron, aluminium, titanium and rarely manganese .... " derived from 
" ... decomposition of certain rocks". 
Pendleton and Sharasuvana (1946) describe laterite as "the indurated 
slaglike or pisolitic, iron-oxide rich, illuvial horizon in the soil ... " 
They suggest that the definition of laterite should emphasise the presence 
of iron minerals and not aluminium minerals. 
Playford (1954) restricts the use of the term laterite to "massive, 
vesicular, or concretionary rocks composed or iron and aluminium oxides 
which overly a mottled zone of weathered rock ... ", since some American 
authors had applied the term to red residual soils containing insoluble 
oxides of iron and aluminium. Playford suggests that laterite was formed 
through the influence of groundwater. 
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Sivarajasingham et al (1962) describes laterite as being "highly 
weathered material which is rich in secondary forms of iron or aluminium 
or both, poor in humus, depleted of bases and combined silica, with or 
without diagnostic substances such as quartz, limited amounts of weather-
able primary minerals or silicate clays, and either hard or subject to 
hardening upon exposure to alternate wetting and drying." 
The definition of Sivarajasingham et al (1962) imposes no restriction 
except for the properties in the definition. In this sense it includes 
nodules in a soil matrix, but not the soil matrix even though it may contain 
lateritic minerals. The definition also excludes iron-rich masses associated 
with humus and hard masses cemented by materials other than sequioxides. 
Alexander and Cady (1962) describe laterite in the same manner as 
Sivarajasingham et al (1962). They state that all the characteristics of 
laterite except hardening are present in some soils and some soil forming 
materials. 
Prider (1966) describes a typical laterite profile from Western 
Australia as a surface layer up to 15 feet in thickness of ferruginous and 
aluminous concretionary or massive material, underlain by up to 100 feet of 
kaolinized rock which passes into a zone of unweathered parent rock, either 
transitionally or abruptly. He says that the laterite represents "in situ ll 
alteration of the country rock. 
1.1.2 LATERITE ENVIRONMENT 
Laterite is widely distributed throughout Asia, South America, Africa 
and Australia (Prescott and Pendleton (1952». This distribution does not 
necessarily represent the environment under which laterite forms 
(Sivarajasingham et al (1962) cites Hallsworth and Costin (1953), 
Pendleton (1936». 
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1. 1 . 2 .1 Temperature and Ra i nfal l 
Most literature pertaining to the climatic factors necessary for the 
formation of laterite indicates that high temperatures and some form of 
water, whether continuous or cyclic is necessary. 
Geidans (1973) states that lateritisation processes and the solubility 
of compounds is accelerated with high temperatures. 
Laterite is found in reasonably warm regions, or in regions that are 
thought to have been warm. It could be time and not temperature that is 
the rate limiting factor in laterite formation (Sivarajasingham et al (1962)). 
Prescott and Pendleton (1952) suggest that seasonal fluctuations in 
rainfall are necessary in lateritic environments. Other workers, Geidans 
(1973) cites Gordon et al (1958) and stamper (1970). suggest that a pre-
cursor of lateritisation is continuous rainfall. Other suggestions such as 
irregular periods of wetness and dryness have also been made. Alexander 
and Cady (1962) suggest alternating wet and dry seasons of equal length is 
required. 
1.1.2.2 Vegetation 
Geidans (1973) states that vegetation prevents erosion and supplies 
organic acids to the meteoric water. A precursor to this vegetation is 
adequate rainfall. 
Most literature suggests that laterite is most extensive in areas of 
savannah, although it does form in forested areas. Suggestions of the 
vegetation types associated with laterite include a forest vegetation, 
rain-forest vegetation, low forest, open savannah and tropical grasses 
(Sivarajasingham et al (1962) cites many authors) • 
Alexander and Cady (1962) noted the hardening of laterite within 
several years of forest clearing. Rosevear (1942) noted the softening 
of laterite on reforestation after 16 years growth. 
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1.1. 2 . 3 Relief a nd Drai nage 
Relief plays an important role in laterite formation. The relief 
controls the movement of water and the relative amounts of physical and 
chemical we athering. The physical and chemical characteristics of the 
type of laterite formed are controlled by relief (Geidans (1973)). Ge ida ns 
summarises the aspects of laterite and relief in the Darling Range area. 
The following points are worth noting. Laterite is found on the upper 
parts of hills and is not continuous. Laterites found on slopes are 
generally lenticular in section. Laterite does not develop in valleys but 
may be transported there. Laterite on slopes can slide down the slopes in 
sheets. Laterite develops best in areas of moderate relief. It does not 
appear that elevation is significant in laterite formation. Sivajasingham 
et al (1962) cites many authors who suggest that laterite is associated with 
gentle slopes and low relief. 
Mulchay (1960) in studying laterites and lateritic soils of south-
western Australia found that laterite was present on the sides and floors 
of mature valleys as well as being present as peneplain remnants. He also 
suggests that low relief and a stable environment favours the formation of 
laterite. 
Mulchay (1967) suggests that the present landscape in the south-west of 
Australia is a result of the deposition of material in the valleys from the 
divides rather than due to the down cutting action of streams. 
Sivarajasingham et al (1962) states that the landscape should support 
a high water table for laterite to form. 
Early workers subdivided laterite into high and low level laterites on 
the basis of altitude rather than relief. 
Mulchay (1967) states that the Darling Range of western Australia cannot 
represent a well preserved part of the old lateritized plateau because of the 
close drainage pattern associated with it. He separates laterite into a zone 
of detrital and a zone of younger laterites, of which the Darling range is the 
former (see Fi g. 1-1). Downstream from the Darling Range the old plateau 
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laterite becomes limited to ridges capped with massive ironstone. A 
feature of the old plateau laterite is the ironstone-capped scarp or 
"breakaway" . 
7 . 
Finkl (1971) suggests that the concepts of high level (older) and 
low level (younger) laterites is not applicable to the Darling range 
because they are continuous and hence of the same age. He says that 
"lateritization may take place at various levels in the landscape at 
the same time. 1I 
1.1.3 ORIGIN OF LATERITE 
There have been many hypotheses put forward as to how laterite forms 
and the processes governing this formation. Terrill (1948) suggests there 
are two main streams of thought on the matter. One line of thought involves 
the transportation of lateritic constituents in solution and their precipi-
tation at a new site. The other involves the removal of combined silica, 
lime and alkalies in solution, leaving the lateritic components behind. 
Geidans (1973) states that the two main theories on the origins of 
Western Australian laterite are (1) transportation in solution of metal 
oxides by capillary action and their precipitation by evaporation and, 
(2) precipitation of oxides through oxidation at the water/air interface. 
He suggests that the latter is not possible since there is no evidence of 
bog-aluminium deposits. The former has its problems also. Geidans says 
that the basic requirement for laterite formation is "desilication of 
kaolinite" by "drainage in meteoric water solution of the combined silica 
of aluminium silicates and other soluble mineral substances, and the 
hydration of alumina which remains as a residual · concentrate of mono-
hydrate and trihydrate." This refers to the development of bauxitic laterite. 
The amount and depth of lateritisation depends on the drainage which is 
affected by the relief, porosity of the host material and the amount of 
rainfall. The volume of meteoric water on crests is only that from the 
atmosphere, hence laterite is thin. Down slope the volume increases through 
run-off until further down slope drainage is poor, desilication can no 
longer occur because of saturated solutions, hence laterite can no longer 
form. This process conforms with Geidans observations of lenticular sections 
of laterite which lenses out down-slope. Geidans goes on to say t hat 
laterite should not form because of a fluctuating water table . The 
reasoning behind this is that the region of greatest fluctuation of 
the water table is the highest point of relief, hence the thickest 
laterite should be here, contrary to Geidans observations. Thus, 
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according to Geidans, lateritisation may be continuous or discontinuous 
depending on the rainfall of which there is an upper limit because of 
erosion. The lateritisation rate is proportional to ~e amount of water 
available for desilication. 
Most authors agree that weathering of the parent rock is necessary 
for laterite to form. Sivarajasingham et al (1962) concludes from a 
review of the literature that laterite is a result of the in situ weather-
ing of the underlying parent material. The weathering involves removal 
of alkali and bases and the loss of combined silica of primary minerals. 
Gilkes et al (1973) shows the mineralogical transformations possible in 
the in situ formation of laterite from granite (see Fig. 1-2). Sivar-
ajasingham et al (1962) suggests that resilication of some minerals can 
occur. The mineralogical transformations shown by Gilkes et al (1973) do 
not show resilication but suggest that secondary silica may be formed. 
Alexander and Cady (1962) s tate that an adequate supply of iron, 
either from the parent material or from an outside source is necessary for 
laterite formation. They suggest that the r e gions where iron accumulates 
must be kept saturated, and this accumulation arises from the removal 
of other constituents. They also suggest that the mobilization of iron 
is controlled largely by decompcsing organic matter. 
Sivarajasingham et al (1962) implies that tHe presence of iron is 
necessary for the hardening process of laterite to occur, although in 
some cases aluminium may contribute significantly. Alexander and Cady (1962) 
stated that the hardening of laterite occurs on expcsure to the sun and 
when vegetation i s removed. 
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Prescott and Pendleton (1952) s t ate tha t t h e formation of late rite is 
associated with low relief land surfaces and t h at laterite covered surfaces 
indicate peneplanation followed by uplift. They also suggest that laterite 
is formed in situ. 
McFarlane (1971) studying laterite in Uganda recognised that a contin-
uous laterite sheet did not necessarily indicate contemporaneous development 
of the whole sheet. The Buganda surface studied was found not to be a 
peneplanation surface and two levels of laterite were found. One of these 
was derived from the immobile residuum of rock weathering with the source 
of iron and aluminium concentrates c oming from an overhead sour ce. McFarlane 
believes that this removes problems associated with pallid zone development, 
since not all laterite profiles include a pallid zone. She bases her con-
clusions on the facts that (1) water table fluctuation is now in a more 
credible range, (2) if the pallid zone does not contribute to laterite 
formation then the lack of its ability to contribute is no longer a problem, 
(3) there is no argument about the direction of iron movement - it is down-
ward and (4) the presence of a pallid zone can be explained through the 
permeability of the laterite. The higher level laterite was thought to have 
formed through the reworking of two chronologically different laterites 
to form continuous sheets. 
Prider (1 9 66) suggests that Western Australian laterites formed in 
situ and required a large amount of leaching. He states that the lateritised 
surface has been considerably dissected since uplift of the Darling pene-
plain. He suggests that the laterites of Western Australia were all formed 
at one time in the Pliocene period. Grubb (1966) says that Darling range 
laterites are Tertiary in age. Prescott and Pendleton (1952) state that 
most occurre nces of laterite are from Tertiary time s, usua lly Pliocene or 
Miocene, as does Mulchay (1960, 1967), Sivarajasingham et al (1962) and 
Geidans (1973). 
1.1.4 PHYSICAL, CHEMICAL AND MINERALOGICAL CHARACTERISTICS OF LATERITE 
1.1.4.1 Physical Characteristics 
Geidans (1973) classified laterites as either transported, introduced 
or residual, each of which has distinctive characteristics. Transported 
laterite consists of transported laterite detritus (pisolites, oolites, 
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concretions, fragments and particle s of rock) which has b een r ecemented 
usually by a ferruginous matrix. They can be found as valley fills, 
sometimes showing bedding and the characteristic lateritic profile is 
absent. Introduced laterite (often called bog-iron) is typically massive 
and rich in iron. Residual laterite is of that type described earlier; 
the ultimate weathering product. 
Pullan (1967) classifies laterites as primary and s e condary; the 
primary laterites forming in situ and the secondary laterites forming 
from destruction and recementation of primary lateritic material. The 
primary lateritic ironstone was further subdivided into vermicular, 
vesicular, cellular, cellular nodular, nodular, oolitic and pisolitic. 
Vermicular laterite has small sinuous wormlike tunnels. Vesicular 
laterite contains small bladderlike cavities sometimes filled with earthy 
material. Cellular laterite has small cavities which may be connected. 
Pullan suggests these three types are the result of degrees of weathering 
in the order: cellular> vesicular> vermicular. Oolitic and nodula r 
ironstones (often called pisolitic) are represented by individual spherical 
to ellipsoidal "pealike" concretions which are cemented together. 
Secondary laterites include recemented nodular ironstone which consists 
of well rounded nodules of similar size, recemented at the points of contact. 
Some of the interstices may be infilled due to continued cementation. 
Recementation of the elements of a scree slope, which consists of angular 
fragments of non-pisolitic ironstone, results in conglomeratic or breccia 
ironestones. 
1.1.4.2 Chemical characteristics 
The chemical characteristics of laterite depends largely on the nature 
of the par~nt material from which it was derived. It seems that iron and 
aluminium are the most important components, and all laterites have iron 
and/or aluminium associated with them. Data from Sivarajasingham et al (1962) 
suggests a very wide range of abundance of chemical constituents. Other 
cations often associated with laterite include titanium, manganese, magnesium, 
calcium, potassium and sodium. Some others are chromium, vanadium, moly-
bdenum and zircon. 
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Sadlier and Gilkes (1976) in studying the development of bauxitic 
laterite found many trace elements distributed through the bauxite profile. 
They showed a depletion of nickel, copper, zinc and cobalt and an accumula-
tion of vanadium and chromium in the profile. Bauxitic profiles would 
most likely be enriched in aluminium. 
Some workers, Sivarajasingham et al (1962), Alexander and Cady (1962) 
and Pullan (1967) suggest laterite generally has a lack of combined silica. 
Gilkes et a1 (1973), however , indicates that combined silica in the form of kaolin 
is a necessary precursor of gibbsite which has no combined silica. Thus we 
could expect less weathered varieties of laterite to contain combined silica. 
(see Fig. 1-2). 
1.1.4.3 Mineralogical Characteristics 
Fig. 1-2 shows the weathering process associated with typical laterite 
formation from granite. It is an indicator of the types of mine rals present 
in laterite. 
Prescott and Pendleton (1952) describe the mineralogy of laterite as 
a mixture of hydrated oxides of iron and alumina. 
Alexander and Cady (1962) state that the composition of laterite can 
vary between almost pure iron oxide in the form of goethite and hematite to 
bauxitic laterites which are rich in aluminium in the form of boehmite and 
gibbsite. Silica is found in the form of quartz and kaolinite is generally 
the only silicate mineral. 
Grubb (1966) states that Western Australian laterites consist of gibb-
site (Al(OH)3))' boehmite (AIO.OH1, kaolinite (A14Si4010(OHls)), goethite 
(FeO.OH), maghemite (gamma-Fe 20 3), hematite (Fe 20 3 ), metahalloysite 
(A1 20 3 .2Si0 2 .4H 20), illite and variable amo unts of amorphous gel material. 
They also contain some heavy minerals such as rutile, anatase and ilmenite. 
Grubb also suggests that the transformation of boehmite to gibbsite can 
occur during laterite formation. 
Thiel (1963) states that the mineral goethite may be substituted with 
aluminium and that the goethite lattice contracts linearly with this 
substitution up to 33%. 
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1.1.5 LATERITIC SOILS 
In the south-western portion of Western Australia alone, lateritic 
soils cover over 44000km2 (see Fig 1-3) (Gilkes et al (1973». The 
profiles consist of gravelly surface horizons including some laterite 
boulders, overlying mottled and pallid zones. 
Turton et al (1962) describe lateritic soils after Stephen's (1946) 
as "essentially a podzol, consisting of A, B and C horizons of eluviation, 
illuviation and weathering, with an accessory laterite horizon usually, 
but not invariably, situated on top of the clayey B horizon". They 
described three main types of lateritic soils, these being sandy laterites, 
gravelly laterites and truncated laterites of which the latter two are 
generally found at higher levels. They found that generally the lateritic 
soils were low in organic matter, carbon and nitrogen, low in phosphorous 
and had low cation exchange capacities compared with non-lateritic soils. 
They showed an association between iron and phosphorus in gravels as did 
Taylor and Schwertmann (1974). They also showed a considerable loss of other 
elements from the soil matrix and a concentration of them with iron par-
ticularly molybdenum, gallium and vanadium. The dominant clay mineral in 
the soils was kaolinite with some gibbsite present also. Other minerals 
present particularly in the gravelly laterites include goethite and 
hematite. 
Mulchay (1960) recognised erosional and depositional surfaces 
associated with lateritic soils, which was in turn related to the ages 
of the soils. The depositional surfaces showed evidence of colluvial 
transport. 
Finkl (1971) considers some lateritic material secondary as does 
Mulchay, since sequences show sedimentary transportation. The sequences 
show a gradation of decreasing size and increasing roundness of bouldery 
ironstones to lateritic gravels and ultimately to lateritic earths down-
slope. These soils overly a variety of materials. 
13. 
160 km 
Fig 1- 3. Locality diagram showing the distribution 
of lateritic soils with Gravelly surfac e horizons in 
south- western Aust r alia . (Gilkes ~t . al (1973)) 
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1.2 PHOSPHATE ADSORPTION 
1.2.1 INTRODUCTION 
In soils, many slow reactions occur between nutrient ions and soil 
constituents. Some of these reactions can make nutrients more available 
to plants for plant growth whereas other reactions limit the supply of 
nutrients to plants. 
One nutrient, more than any other, governs soil fertility and hence 
plant growth. This nutrient, commonly in anionic form in the soil solution 
is phosphorus. 
The phosphorus content of the lithosphere is approximately 1200ppm; 
soils having an average value of 600ppm and ranging from 200 to 5000ppm 
(Lindsay (1979) cites Clarke and Washington (1924); Swaine (1955); Vin-
ogradov (1959); Jackson (1964); Bowen (1966); Mitchell (1964); Taylor 
(1964» . 
Phosphorus is a relatively immobile element (Thomas (1970» and can 
exist in many forms in the soil such as fertilizers, iron, aluminium and 
calcium phosphates, 
2-HP04 and H2P04 . 
. 3-
organically bound phosphate and as the an~ons P04 ' 
Australian soils are generally very infertile (wild (1958», particularly 
in phosphorus. This means that large amounts of phosphatic fertilizers must 
be applied to these soils in order to maintain the agricultural status of the 
land and to maintain food production. Of the total amount of phosphate 
fertilizers applied to Australian soils each year ~2 million tonnes; Norrish 
and Rosser (1980) cite Emigh (1973» only a fraction is available for plant 
growth. 
Phosphorus in its anionic form can be made unavailable for plant growth 
by its r eaction with soil constituents such as iron and aluminium oxides and 
oxyhydroxides and clay minerals. The process by which phosphate ions react 
with or are held by soil particles is known as "phosphate adsorption". The 
ability of a soil or surface to adsorb phosphate can be measured by noting 
the change in the concentration of a phosphate solution after the material 
has been left in contact with it for a specified period of time. 
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Many factors apart from the nature of the surface affect the extent 
of phosphate adsorption. Some of these factors are present in the soil 
whilst others are induced experimentally. These factors include the 
period that the soil and phosphate solution are left in contact (Barrow 
and Shaw (1975», temperature (Barrow 1979) cites many authors», the pH 
(Muljadi et al. (1966) cites many authors», the concentration of phos-
phate in solution, the nature of the supporting solution (Helyar et a1 
(1976», the soil:solution ratio (Barrow and Shaw (1979) cite several 
authors», the method of shaking Barrow and Shaw (1979», how much phos-
phate has already been adsorbed onto the soil or surface (Barrow (1974a» 
and the moisture content of the soil (Barrow (1974b». 
There appears to be no single simple mechanism to explain the 
adsorption of phosphate and there are many complex reactions explaining 
its retention. 
1.2.2 DETECTION OF PHOSPHATE ADSORPTION 
The relation between the amount of phosphate a soil or soil constituent 
can adsorb from a solution of phosphate and the concentration of phosphate 
remaining in the solution is known as the "phosphate adsorption isotherm" 
(Russell (1973». Barrow (1978) questions the validity of the use of the 
term "adsorption isotherm" since this implies that adsorption is dependent 
only on temperature and concentration when there is a vast amount of 
literature and evidence that suggests many other factors are involved. He 
suggests that phosphate adsorption curve is more suitable terminology since 
it does not imply the constraints applicable above. 
Adsorption isotherms (curves) can readily be determined for many nutrient 
anions on soils or soil constituents by leaving the material in contact with a 
solution Of. varying and increasing concentrations of the adsorbed species for 
different periods of time. 
A purpose of adsorption isotherms in relation to soils is to summarize 
the properties of a soil and determine the soil constituents involved in 
adsorption or to relate the measurement of adsorption to a measure of plant 
response. A second purpose in describing adsorption isotherms is to bring 
about an understanding of adsorption mechanisms (Barrow (1978». 
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The s h ape of the adsorp tio n isotherm c an t e ll us what a f finity the 
surface or soil has for a particular ion. Giles et a1 (1960) set up a 
classification scheme for adsorption isotherms and related their shapes 
and types to adsorption mechanisms and to the surface area of solids. 
parfitt (1978) reports that the most common adsorption isotherms for 
soils as classified by Giles et al (1960), are L-type (Langmuir) and fo r 
pure hydrous oxides are the H-type (high-affinity). According to Giles 
et al (1960), L-type isotherms indicate molecules adsorbed flat on the 
surface. Other isotherms classified by Giles et al indicate (i) vertical 
orientation of molecules (S-type), (ii) high affinity ions exchanging for 
low affinity ions (H-type) and (iii) solute penetrating more into the 
surface than the solvent (C-type, linear). 
Barrow (1978) described three equations commonly used in describing 
phosphate adsorption isotherms. These equations are the Langmuir, Tempkin 
and Freundlich equations of which the Freundlich equation describes 
adsorption well for Australian soils because they are very deficient in 
phosphorus. Harter and Baker (1977) stressed that the Langmuir adsorption 
equation had been used incorrectly when it carne to understanding adsorption 
dynamics. They stated that the form of the Langmuir adsorption equation 
must change in order to account for desorbed ions in the equilibrium solution. 
Muljadi et al (1966a) postualted that there were three distinct regions 
on the Langmuir adsorption isotherm . Region I was at low phosphate con-
centrations and was of high energy. Region II occurs at low to medium 
concentrations where the isotherm becomes convex to the y-axis. Region 
III occurs at higher concentrations (10- 3 to 10-lM) and was linear and 
of low adsorption. 
Other methods of detecting phosphate adsorption include infrared 
spectroscopy and kinetics. These methods give information about adsorption 
mechanisms and the adsorbing. surface (Parfitt (1978) cites Little (1966), 
Hair (1967». 
Plant growth trials also show the limited availability of phosphorus 
in some soils due to phosphate adsorption by the response of plants to 
applications of phosphate (all other factors constant) on these soils. 
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Elec·tron microprobe and autoradiographic techniques such as those 
of Evans and Syers (1971), Norrish and Rosser (1980) and Fordham and 
Norrish (1979) are useful in the qualitative assessment of phosphate 
adsorption. 
1.2.3 FACTORS AFFECTING PHOSPHATE ADSORPTION 
Adsorption of anions can take place due to chemical adsorption 
(chemisorption) or physical adsorption (physisorption) (Atkins (1978». 
Physisorption involves a van der Waals interaction between the surface 
and the adsorbed molecule. A molecule will retain its identity during 
physi sorption , although it might be stretched or bent due to its proximity 
to the surface. The energy changes in physisorption are insufficient 
to lead to bond breaking. In chemisorption, reaction of molecules with 
the surface occurs and as a result bonds are formed. A chemisorbed molecule 
may lose its identity due to the unsatisfied valencies of the surface atoms. 
If chemisorption is to be spontaneous it has to be exothermic, thus the 
process involves a decrease in entropy (Atkins 1978». 
Adsorption of phosphate also depends on the nature and surface area 
of the material. According to Muljadi et al (1966) cites de Boer (1950) 
the most reactive sites on a surface are associated with corners, edges and 
disturbances. 
1.2.3.1 pH 
The acidity or alkalinity of a soil can greatly affect the avail-
ability of phosphate for plant growth. 
Within the pH range 5.5-7.0, the availability of phosphorus is at 
a maximum.for most soils. The availability decreases for pH's outside 
this range. Below pH 5.5 iron and aluminium oxides become increasingly 
soluble. When this occurs iron and . aluminium phosphates may precipitate. 
These phosphates are only slightly soluble and can slowly release phos-
phate (Tisdale and Nelson (1967». High adsorption of phosphate also 
occurs at low pH's since iron and aluminium oxides have positive charges 
(Schofield (1949» and can attract phosphate by physical adsorption. 
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Above pH 7.0 phosphate can again precipitate due to the presence of 
calcium and magnesium and their carbonates (Tisdale and Nelson (1967)). 
within the soil the species of phosphate present changes depending 
on the pH (Russell (1973)). This means that the relative ability of soil 
constituents to adsorb phosphate will change with pH (see Fig. 1-4). Also 
separate from this is the development of surface charge; "lower pHis give 
hydrous oxides more positive charge" (Parfitt (1978) cites Hingston et 
al (1972); Bowden et al (1974)). Thus pH complicates phosphate adsorption 
by preferential adsorption of highly charged phosphate species even if the 
pH is such to make the dominant species that of the lesser charged form 
as well as affecting the surface charge independently. The pH of point 
zero charge of the highly adsorbing iron and aluminium hydrous oxides is 
more alkaline (pH 6.5- 10.0, Greenland and Mott (1978) cite Parks (1965); 
pH 7.5- 9.0, Parfitt (1978) cites Hingston et al (1972)) than the pH range 
of greatest availability of phosphate, thus within this region of greatest 
availability,positive sites for phosphate adsorption could still be quite 
dominant even though the pH is not sufficiently low to induce a more 
positive charge. 
Thus H+ is a potential determining ion for the adsorption sites for 
phosphate (Muljadi et al (1966a)). 
1.2.3.2 Temperature 
Muljadi et al (1966) determined adsorption isotherms on pure minerals 
that were known to adsorb phosphate. They found that on increasing the 
temperature at which the isotherms were determined the extent of adsorption 
increased. From this they determined that the increased adsorption was 
due to an increase in the number of adsorption sites. The shapes of the 
isotherms were similar indicating that the heat of adsorption was small. 
This seems to indicate that the increase in temperature lowers the energy 
difference between phosphate and adsorbing sites that were previously 
beyond the energy limits of phosphate adsorption. 
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Muljadi et al (1966) also determined that the adsorption process 
caused little or no temperature change. Some new sites for adsorption 
were formed at higher temperatures by the breaking of bonds, these bonds 
being able to reform if the system is not subjected to too high a temp-
erature. 
Barrow (1979) showed that increased temperature decreased the avail-
ability of phosphate by increasing the rate of transfer of phosphate to 
the firmly held form. The position of the equilibrium between adsorbed and 
firmly held forms of phosphate was little affected by temperature, however, 
there was an acceleration of the "slow" transfer of adsorbed to firmly held 
phosphate with increasing temperature when the phosphate status was dis-
turbed by increasing the phosphate concentration. Acceleration of the "slow" 
transfer of firmly held to adsorbed phosphate occurred with increasing 
temperature when the phosphate concentration was decreased. Barrow found, 
however, that the equilibrium between adsorbed phosphate and solution 
phosphate was affected by temperature. He found that the concentration of 
phosphate in solution increased with increasing temperature, indicating that 
adsorption is exothermic. 
1.2.3.3 Effect of Neutral Ions 
Many workers (Helyar et al (1976a) cites Kurtz et al (.1946); Wild 
(1950a); Clark and Peech (1960); Fordham (1963); Jensen (1970» have found 
that phosphate adsorption by soils, clays and oxides and oxyhydroxides of 
iron and aluminium is increased in the presence of increasing concentrations 
of neutral ions such as the chloride and nitrate salts of magnesium, sodium, 
calcium, potassium and ammonium. 
The suspension pH of soils decreases when neutral salts are added to soil 
suspensions except when the soil is positively charged (Helyar et al (1976a) 
cites Mekaru and Uehara (1972». As stated previously, the effect of low-
ering pH is to increase the positive charge and hence the adsorptive 
capacity of hydrous oxides of iron and aluminium (Helyar et al (1976a) 
cites Hingston et al (1967, 68); Parfitt (1978) cites Hingston et al (1972), 
Bowden et al (1974». 
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Barrow (1972) found that a salt of calcium commonly used in adsorption 
experiments (calcium chloride), when increased in concentration it increased 
the amount of phosphate adsorbed. 
Helyar et al (1976a) when studying the effect of neutral ions on the 
adsorption of phosphate by gibbsite also found the effect of increased 
phosphate adsorption in the presence of calcium. This was not due to the 
precipitation of calcium phosphates since the solubility product was not 
exceeded in the experiments. They postulated that phosphate adsorption 
increased in the presence of calcium because it complexed with neighbouring 
adsorbed phosphate ions, hence reducing the force of repulsion between 
them. They also found that magnesium, potassium and sodium ions did not 
affect adsorption suggesting that calcium has a specific association with 
the adsorbed phosphate. Other workers (Helyar et al (1976a) cites Wild 
(1950a), Lehr and Wesemae1 (1952)) have found that magnesium, potassium 
and sodium increase adsorption and their relative affect increases in the 
order Na<K<Mg<Ca. Helyar explained this through exchange of these ions 
with calcium, hence increasing calcium concentration in solution, leading 
to increased P adsorption by hydrous oxides. 
1.2.3.4 Solution:Soil Ratio 
Barrow and Shaw (1979) showed that solution:soil ratio and the vigour 
of shaking affected phosphate adsorption depending on the structure of the 
soil. Previous work by Hope and Syers (1976) showed that at low solution: 
soil ratios the phosphate adsorbed was higher than at high solution:soil 
ratios. Other workers (Barrow and Shaw (1979) cite Fordham (1963), Barrow 
et al (1965), White (1966)) showed that high solution:soi1 ratios favoured 
phosphate adsorption whilst Kurtz et al (1946) found that the soltuion: 
soil ratio had no effect on phospahte adsorption. 
Barrow and Shaw (1979) used two soils in their study, one of which was 
stable and the amount of phosphate adsorbed was little affected by solution: 
soil ratio or the vigour of shaking. Another soil used was unstable and 
adsorbed phosphate more rapidly, particularly with vigourous shaking and 
low solution:soil ratios. 
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Hope and Syers (1976) showed a linear relationship between the 
reciprocal of time and phosphate concentration in solution which when 
extrapolated to infinite time appeared to be the same point. This was 
for different solution:soil ratios and low and high concentrations of 
phosphate. The linear relationship between the reciprocal of time and 
phosphate concentration was not observed by Barrow and Shaw (1979), thus 
Barrow and Shaw questioned estimates of equilibrium through extrapolation 
of small sections of these reciprocal-time graphs. The conclusion of Hope 
and Syers (1976) drawn from the extrapolated graphs was that at infinite 
time when equilibrium was established, the solution:soil ratio had no 
effect on adsorption. 
1.2.3.5 Time and Kinetic Considerations 
Usually after longer periods of time, the amount of phosphate adsorbed 
by a particular material will increase. The apparent rapid attainment of 
equilibrium is known as the "fast" reaction «10 days), whereas adsorption 
after this is generally know as the "slow"reaction (Olsen and Khasawneh 
(1980)) . 
The increase in phosphate adsorption with time (or the decrease in 
phosphate concentration in solution with time) has been noted by many 
authors (Barrow and Shaw (1975) cite Black (1942), Coleman (1944), Kurtz 
et al (1946), Fox and Kamprath (1970), Vanderdeelen and Baert (1971), 
Rajan and Fox (1972)). Tisdale and Nelson (1967) suggest that the 
increased adsorption "probably results from subsequent alteration of 
the fixation products such as dehydration and crystal reorientation". 
If an equilibrium between the soil and soii solution is established, 
phosphate desorption can occur as long as the charge balance on the soil 
particles is maintained. Phosphate adsorption fram low concentration 
solutions «1 x IO-4M) is rapid and subsequent increases in concentration 
increases the length of time required to adsorb the extra phosphate. 
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Barrow and Shaw (1 9 7 5 ) found a relationship betwee n t h e l ogar i t hm 
of the concentration of phosphate in solution and the l ogarithm of the 
period of incubation. The fraction of the added phosphate remaining 
in equilibrium decreased linearly with increasing time when represente d 
as a log-log plot. 
1.2.3.6 Experimental Factors 
Most of the factors described above are inherent in the soil and 
affect the extent of phosphate adsorption in the field. All of these 
factors and others that affect phosphate adsorption can be induced 
experimentally when determining the extent of phosphate adsorption. One 
factor noted by Barrow and Shaw (1979) that is generally not present in 
the soil is the method of shaking. Shaking is necessary if one is to 
study the adsorption process only. Other factors are present in the soil 
such as diffusion of ions to a surface and this would be the rate limiting 
step in the entire process of diffusion and phosphate adsorption. 
1.2.4 ADSORPTION MECHANISMS 
"The important sites for adsorption are the M.OH and M.OH 2 site s, 
which may become charged in the presence of excess H+ or OH ions" 
(Parfitt (1978». 
The adsorption sites on iron and aluminium oxides 
are usually water molecules and OH ions coordinated to 
and oxyhydroxide s 
3+ 3+ . Fe or Allons. 
The hydroxide ions exposed at the surface of these minerals can be in one , 
two or three coordi~ntion with the metal ions, the singly coordinated 
hydroxyl ions having the ability to undergo ligand exchange (Parfitt 
(1979) cites Parfitt et al (1976». 
Since the crystal structures of most soil minerals are known, the 
arrangements of ions of the dominant surfaces of these minerals can be 
deduced, hence adsorption mechanisms can b e suggested and the number of 
sites for adsorption on particular faces can be estimated (Parfitt (1978» 
(see Fig. 1-5 for generalized adsorption mechanisms) • 
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1.2.4.1 Iron Oxides and Oxyhydroxides 
The most common iron minerals present in soils are goethite (alpha-
FeOOH) and hematite (alpha-Fe20 3 ). Other forms and minerals occur also, 
such as lepidocrocite (garnrna-FeOOH), maghemite (garnrna-Fe203) and ferri-
hydrite. There is much evidence to suggest that iron minerals contribute 
greatly to the adsorption of phosphate in soils. 
Goethite can adsorb large amounts of phosphate. The mechanism 
associated with adsorption on goethite has been studied in detail by 
many workers. The (001) face of goethite contains rows of one, two and 
three coordinated OH ions (A, C and B types respectively) (see Fig. 1-6). 
These three rows are separated from the next three by a region where oxide 
ions are exposed in the form of a groove (Parfitt (1978) cites Atkinson 
(1969), Russell et al (1974)) (Fig. 1-6). 
Parfitt (1978) cites Parfitt et al (1976) showed that the A-type 
OH only had the ability to undergo ligand exchange whereas the Band C-
type OH were involved in hydrogen bond formation with adsorbing ligands. 
Many workers have suggested that phosphate adsorption on goethite is 
by the formation of a mononuclear layer such as Fe.OP(O)3 complex. However, 
it was shown that the formation of a binuclear bridge such as Fe.OP(O)20.Fe 
surface complex is more consistent with the strong adsorption of phosphate 
on goethite (Parfitt (1978) cites Atkinson et al (1972)). Later work 
(Parfitt (1978) cites Parfitt et al (1976), Russell et al (1974)) showed 
that the bridging complex is in the form of (FeO)2POOH rather than as 
(FeO)2POO-. 
Hematite ideally has a surface composed of hydroxide ions in one 
and two co?rdination, even though the oxygen atoms within hematite are 
present as the oxide. Work by Parfitt showed that one phosphate ion was 
adsorbed onto each OH on the surface; i.e. the phosphate was adsorbed 
in the monodentate form as was shown by Jurinak (1966). However, later 
work using infra-red spectoscopy suggested that phosphate was adsorbed 
in the bridging form (Parfitt et al (1975)). 
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1.2.4.2 Aluminium Oxides and Oxhydro xi des 
The most common aluminium minerals found in SQi l s a r e g ibb s i t e 
(Al(OH)3) and boehmite (A10.OH) . The predominant reactive site on the 
aluminium minerals is the edge face, even though other faces are more 
prominant (Parfitt (1978) cites Parfitt (1977». 
In gibbsite, the ideal structure 
two 
consists of OH on the most pre -
3+ . Al lons below the surface laye r, dominan t face (001) coordinated to 
3+ 
whilst on the edge faces each Al ion is exposed and coordinated to 
one H20 and one OH ion (Parfitt (1978». 
Mul jadi et al (1966a,b,c) showed that phosphate adsorption on gibb-
site took place on edge faces. Their work showe d that ligand e xchange 
occurred and that phosphate was adsorbed in monodentate form. 
Heylar et al (1976b) proposed that adsorption of phosphate on gibb-
site occurred through the formation of a surface complex involving 
divalent cations, more specifically, calcium. They proposed that this 
adsorption occurred on the (001) face, however infra-red work by Parfitt 
(unpublished) showed that phosphate was not adsorbed on the (001) face . 
Parfitt et al (1977) showed that phosphate reacts with edge Al.(OH)H2 0 
groups to produce complexes of a bidentate form or a bridging complex. 
Muljadi et al (1966) considered the high energy adsorption of region I of 
their isotherms to be due to the phosphate being attached to an aluminium 
atom at the crystal edge, but Parfitt's bridging complex me chanism of the 
phosphate held by two aluminium atoms supersedes this. Boehmite, A100H 
probably shows a similar adsorption mechanism. 
1.2.4.3 Clay Minerals 
Schofield (1949) showed some clay minerals to have a pH depe nde nt 
charge. This occurs at the edges of the crystals where Al.(OH)H 20 
groups are exposed. 
The proposed adsorption mechanism is through exchange of phosphate 
with Al.OH on the edge sites of clay minerals (Parfitt (l978) cites 
Kelley and Midgley (1943), Low and Black (1950), Mehlich (1964), 
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pissarides et al (1968». Muljadi e t al (1966a,b) showed that adsorp tion 
occurred on the edges of crystals of K-kaolinite. It was suggested that 
one phosphate ion was adsorbed onto each aluminium ion. Kafkafi et al 
(1967) suggested that although the bulk of phosphate was fixed in mono-
dentate form on kaolinite, some of it could be fixed as a binuclear 
complex, with the phosphate attached to two aluminium atoms to form a 
six membered ring. 
2 • EXPERIMENTAL 
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2. EXPERIMENTAL 
2.1 INTRODUCTION 
The experiments undertaken in the following sections were designed 
to be complimentary in some aspects. Wherever possible standard procedures 
were followed. Where the procedure is not standard the materials and 
methods are set out in detail. 
2.2 NOMENCLATURE 
The following terms and their meanings remain current through the 
remainder of this text. 
gravel ferruginous concretions found in the soil of a size 
greater than 2mm (also called lateritic gravels) 
whole soil - all fractions of the soil 
fines that fraction of the soil that will pass through 
a 2mm sieve 
2.3 SAMPLE CHARACTERISATION 
All samples will be referred to using the following symbols: 
Y Yalanbee soil 
M Malebelling soil 
K Kojonup soil 
Numbers following the letters refer to the posit~on of the sample in the 
landsc ape (see field work section). e.g. Y2.0 refers to Yalanbee soil 
(figs. 3-1, 3-7) site 2 and the soil is surface soil (O-lScm). Y2.1 
refers to the sub-soil at the same site (lS-30cm). The Malebelling 
soil has two transects, 1M and 2M. The Kojonup soil has one transect 
denoted K. . 0 and .1 refer to surface soil and subsoil respectively in 
all cases. 
3 • FIELD WORK 
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3. FIELD WORK 
3.1 AIM: To determine whether a pattern of distribution of gravel 
types exists at Yalanbee and if so, what is its association with land-
scape and soil type . 
3.2 MATERIALS AND METHODS 
The distributive patterns of lateritic gravels were investigate d at 
Yalanbee (C.S.I.R.O. Research Station) near Bakers Hill, We stern Australia. 
Composite sampling of Yalanbee, Malebelling and Kojonup soil types 
was performed along transects. Samples were taken from the surface soil 
(O-lScm) and the sub-soil (lS-30cm) in most cases. Samples of Kojonup 
bog-iron were sampled from a greater depth (40-60cm). The samples were 
obtained using a fixed hand auger and a spade. 
3.3 RESULTS AND DISCUSSION 
3.3.1 YALANBEE TRANSECT 
The Yalanbee transect is down the backs lope of a breakaway (see 
Figs. 3-1, 3-2, 3-7). Fig. 3-1 shows the position of the transect in 
relation to soil type. Fig. 3-2 is a photograph of the transect. Fig. 
3-7 shows the transect in section. The transect is of fairly uniform 
o 
slope of about 4 . 
The main feature of the gravels along this transect is the gradation 
in size and abundance downslope. (Figs. 3-3., 3'-4, 3-S, 3-6, 3-7). This 
feature was recognized by Finkl (1971) and Mulchay (1960) and suggests that 
the later~tic material is secondary. The gravels, mostly pisolitic, are 
large (mostly >8.0rnrn) at the top of the slope and make up 60% of the soil 
mass. At the bottom of the slope the gravels make up about 10% of the soil 
mass with most abundant size being between 2.0rnrn and 4.0rnrn. The subsoil 
shows the same features excepting that the gravels are much more abundant ; 
up to 80% at the top of the slope and 2S% at the bottom of the slope. 
. . 
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. . 
. . . . . . 
31. 
YALANBEE 
v.=:==:==:====:=::==:;;'r==:'==;'7-=--=; c. S.I.R.O. RESEARCH STAT I ON 
~V::-:J YALANBEE . 1 1 J KAURING - MONKOPEN I'," ".'.1 LATERITE OUTCROP 
"': .: ".: 
.. ..... . .. ... . ~ 1 MALEBElllNG 
2 tSSJ ROUGH COUNTRY 
'.' : ~ WARRANINE 
:.': .. : .. ~rzzZl71 KOJONUP 
.' . .. 3 
:. ••. . . I "' ~. 'C., 1 VALLEY COMPLEX 
• c 
. , 
. . , 
: • (. ~ '- <. 
. . 
"..--- .. 
. . .. . . / 
m.t", 
o 400 100 
• sampled site 
o unsampled site 
------- creek 
..-- breakaway 
1. Soils of the old plateau 
2.Soils over fresh rock 
3. Soils of the valley floors 
/~ 
l<iG 3- 2 
FiG ' - 3 
Fig 3- 4 
32. 
Fif" 3- 2 
Fiy 3-3 
FiC 3- 4 
Ii~ 3- 5 
I"ig 3- 6 pite yr; . 
33. 
Fig 3- 5 
l'ig 3-6 
Y 
Gr ave l s of various shapes , Sl ze 
~ d 1 " [In a }vnaanc e. 
330 
• 
Duyicrust 
E 
J 
-! 320 
'" ~ 
> 
0 
.., 
~ 
.~ 310J 
---------
• Y 
l: 
• 
300 I met res I 
o 
E 
~15 
ii 
~ 
c 
30 
o 
Y1 
• 
100 
Y2 
• ..., "~I 
Flf" j - I • Yahmbec trans"ct . 
,(':('i,.i..c:~.l ;,c'-j,le CZil{ '-·er~·tc{: 
200 300 400 
Y3 Y4 
.--.-. 
. ro:.'jPl;,-\el:' [>~ 
Y5 
• ... oo 
. . . 
.. . 
· ' .. o • • 
.' .. 
· . '. 
· .. ~ .. 
.0. 'oo 
• • 0 
...... 
• ••••• 
' .. " 
';'.-P, 
w 
"" 
35. 
The colour of the gravels did not appear to vary down the slope 
within the surface or subsoils but did vary between the surface soil 
(O-15cm) and subsoil (15-30cm). The gravels in the surface soil had a 
very pale brown to yellow colour (lOYR 7/4-7/6) whereas those in the 
subsoil had a yellowish-brown colour (lOYR 5/4-5/6). 
The >2.0mm fraction at the top of the slope also contained pieces 
of duricrust, most likely a result of weathering of the nearby laterite 
outcrop. Also in this part of the landscape many of the pisolites were 
broken. In the lower parts of the slope broken pisolites and pieces of 
duricrust were much less abundant, to the point of being absent. 
The pisolites in the lower parts of the slope were well rounded 
compared with those in the upper parts of the slope which were sub-
angular to sub-rounded. 
All the Yalanbee gravels had an external layer (rind; patina after 
Pullen (1967)). This layer varied in thickness within specimens between 
approximately O.Olmm and Imm but did not seem to have any relationship 
with the landscape. 
On breaking open many of the gravels it could be seen that many of 
them had simple concentric layers as described by Gilkes et al (1973). 
The interior of the gravels varied in colour with many of them being red 
or brown. Some exhibited a granular fabric as was seen in pisolites in 
the duricrust. Many appeared to have a granular fabric which was supported 
by a chemically precipitated cement whilst others were so fine grained as 
to appear to consist only of this cement like material. The often vitreous 
lustre of the fractured surfaces supports the evtdence that some gravels 
are fine grained (dense). Some gravels had an internal porous structure 
like a hardened mottle with an external rind. 
Many of the smaller pisolites (2.0-5.0mm) had dark interiors and some 
were magnetic, indicating the presence of maghemite or magnetite. 
It was obvious from the appearance (mainly shape) of some gravels that 
they had been broken at some stage and had been "recoated" with an external 
rind (pati na). 
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The increasing roundness, decreasing abundance and decreasing size 
of the gravels down slope suggests some type of colluvial process is or 
has been underway on this particular slope. 
3.3.2 MALEBELLING TRANSECTS 
The location of the Malebelling transects can be found in Fig. 3-1. 
Malebelling gravels were investigated along two transects, one near a 
drainage feature and another in typical Malebelling soil. Typical Male-
belling soil is a yellow duplex .soil in the podzolic series. The colour 
and texture of the soil varies according to the part of the profile examined. 
The transects are of fairly uniform slope of about 40 (Figs. 3-11, 3-12). 
Fig. 3-8 shows the type of landscape involved. 
It appears that the landscape has no control over the distribution of 
gravels in this soil type. One feature consistent with gravels in the Yalanbee 
soils is the relationship between the abundance of gravel in the soil and 
their size. Although the distribution in relation to the landscape was 
variable, an area of soil with a low percentage of gravel (10%) exhibited 
an abundance of small gravels (2.0-4.0mm) while an area of soil with a large 
percentage of gravel (40%) exhibited an abundance of large gravels (>4.0mm). 
The gravel size fraction in this soil also includes many pieces of quartz, 
some up to lOmm in size. 
The colour of the gravels was significantly different than those in the 
Yalanbee transects, except in higher parts of the landscape near a granite 
rock outcrop (Sample 2M5, see Figs. 3-1 and 3-12). The colour was pre-
dominately more red than Yalanbee and varied from dusky red (lOR 3/4) to 
dark brown (7.5YR 3/4). Near the granite outcrop the gravels approached 
the colour found in the Yalanbee transect (dark yellowish brown, 10YR 4/4) . 
The gravels were quite angular and exhibited a much coarser surface 
texture than those from Yalanbee. 
On breaking open the gravels it could be seen that generally the 
Malebelling gravels lacked an external layer or rind. They lacked the 
concentric structure but exhibited a rock fabric. Quartz grains and sorne-
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times flakes of biotite could be recognized. This is consistent with 
analysis of parent material in the area which consists mainly of granite 
and granitic gneisses which contain biotite (Gilkes et al (1973)). Some 
gravels appeared to have a chemically supported grain fabric whilst others 
appeared to consist only of a II chemical cement". It is most likely that 
this "cement ll is in the form of iron oxides (goethite and/or hematite) . 
The groundwater at "Yalanbee ll is very rich in dissolved iron. Exposure 
of this groundwater to the air causes the iron to precipitate since conditions 
change from reducing to oxidizing. In the Malebelling soil near water courses 
much ironstaining can be seen, particularly in clay horizons (see Figs. 3-9, 
3~lO). This iron stained clay horizon (mottled zone) grades into gravelly 
horizons up the soil profile. It seems that through some wetting and drying 
process gravels are forming in situ in the soil. 
3.3.3 KOJONUP TRANSECT 
The Kojonup soil, although basically a grey sand overlying pallid zone 
material (Fig. 3~15) does have a gravel size fraction in certain places. 
The gravel fraction can be found in the form of bog-iron near water courses 
or drainages at a depth depending on the relationship between the water 
table and the soil surface. 
The location of the Kojonup transect can be found in Fig. 3-1. The 
slope is very uniform and of about 30 (Fig. 3-13). The Kojonup soil can 
be found in the valleys. The valley seen in Fig. 3-14 contains Kojonup 
soil. 
The bog-iron was sampled at a depth of 40-80cm and was often very 
large, up to 60mm. 
The size distribution and abundance of bog-iron does not appear to be 
related as in other transects. The pattern of distribution is more dependent 
on the proximity of a water course. 
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The colour of the bog-iron was a brownish-yellow (lOYR 6/6). It is 
very angular, sometimes sinuous. Many sand particles protrude from the 
surface, making the surface very rough in comparison to other gravel types. 
Internally, most of the bog-iron is very friable and porous, again exhibiting 
an lIiron oxide cement" supporting the grains. There appears to be a more 
dense layer of iron oxide cement at the surface, making the porous interior 
inaccessible from the outside. 
4. SIEVING 
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4. SIEVING 
4.1 AIM: To investigate the field distribution of gravels more quan-
titatively, hence making it possible to adequately represent these 
distributions in the laboratory experiments. 
4.2 MATERIALS AND METHODS 
Because of the effects of transportation and the need for large 
quantities of sample, large samples (lOOO-2000gm) were sieved dry through 
8 . 0mm, 5.6mm, 4.0mm, 2.8mm and 2.0mm analytical sieves. The samples 
were shaken in sieves on a Foss Electric Force sieve shaker for 10 minutes. 
Each size fraction was then weighed, the weight recorded, and the per-
centage by weight of each fraction was calculated. 
4. 3 RESULTS AND DISCUSSION. 
Data for this experiment is tabulated in Appendix 4-1. 
Figs. 4-1, 4-2, 4-3 and 4-4. represent the distribution of gravels 
in the Yalanbee and Malebelling soil types in terms of the amount of 
gravel in the soil and of each of the size fractions representable by the 
sieves used. Inspection of these graphs shows that the trend is the same 
in each. As was seen in the field in either of these soils, a region of 
soil with a low percentage of gravel was represented mainly by smaller 
gravels whilst a region of soil with a high percentage of gravel contained 
mainly larger gravels. 
In further support of the field evidence bhere was generally a higher 
percentage of gravel in the sub-soil of Yalanbee soil as is seen in Fig. 4-2 
than in the surface soil as seen in Fig. 4-1. The percentage range of gravels 
is greater in the Yalanbee soil than in the Malebelling soil. 
The distribution of gravels in the Yalanbee soil could be more 
adequately represented in terms of the landscape if the x-axes in Figs. 
4-1 and 4-2 were replaced by "increasing distance up slope" which is 
approximated by the x-axes, although this relationship may not be linear. 
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5. X-RAY DIFFRACTION 
5.1 AIM: To investigate differences in mineralogical aspects of the 
gravels and the associated soil matrix and relate this to the soil type 
and landscape. 
5. 2 MATERIALS AND METHODS 
A 2mrn sieve was used to separate the gravels and their associated 
soil matrix. A representative sample of each was taken (10-20gm, depending 
on the amount of sample available) and ground for five minutes. The grinding 
apparatus was cleaned with quartz sand by grinding for several minutes after 
each sample was ground. 
X-ray diffraction patterns were obtained using CuKq radiaton at 50kV 
o 0 0 
and 20mA over a 2& range 6 -45. The samples were run at 1/4 /min using a 
10 div. slit. 
The x-ray diffraction patterns were calibrated using quartz peaks as 
standards (The procedure is set out in Appendix 5-1) and the compositional 
variation of each mineral was assessed through variations of the corrected 
d-spacing. 
The crystal size of minerals was determined using the line broadening 
technique of Klug and Alexander (1962). 
Formulae used: 
(i) B 
(ii) B 
where, width of peak at half height 
b line broadening due to the 
instrument 
B true peak width 
K (~) sec S- where K is a constant related to the shape of 
L 
crystal (assumed to be 1.0747) 
A is the wavelength of the 
radiation used (1.542Ao ) 
& ~ is half the 2&- angle 
L ~ is the crystallite size 
(in Angstroms) 
The value of 1.0747 for K assumes the crystal is a sphere. 
46 . 
(iii) 6 where is the surface are of the crystal in A A ~ L m2/g 
(Norrish and Rosser (1980)) e is the density of the mineral in g/cm 
Since clay minerals have peaks which are sometimes masked by strong 
quartz and sometimes kaolin peaks especially in the <2mrn fraction, the clay 
fraction of all the "fines" samples was concentrated by dispersing SOgm 
of soil in 250ml of D.I. water with 10ml of Calgon + NaOH (20:16). These 
were left overnight where upon the supernatant liquid was decanted and 
centrifuged. The remaining liquid was removed and the sample was washed 
and centrifuged several more times with D.l. water before it was dried 
and reground (by hand) . 
semi - quantitative analysis results were determined by obtaining 
diffraction patterns of a sample of gravel and of the soil matrix from 
each transect wi th an internal standard of CaF2 . Ratios of standard 
minerals (lOgm of sample and 2.50gm of CaF 2 ) had been previously calculated 
(Agilli (1982) (see Appendix 5-2). The percentages of minerals in other 
samples were then calculated using peak height as a reference. 
The substitution calculations of Fe by Al in the goethite lattice, 
were made using the graphs of Thiel (1963). 
5.3 RESULTS AND DISCUSSIONS 
3 
Fig. 5-1 is a diagramatic representation of typical X-ray diffraction 
patterns of the types of gravel under investigation. The Yalanbee gravels 
contain the same minerals as those found by Gilkes et al (1973) in their 
study of deep profiles of Yalanbee soil. Immedia'te differences can be seen 
in the mineralogical characteristics of the gravels as shown in Fig. 5-1. 
The Malebelling gravels lack boehmite and gibbsite and contain small amounts 
of feldspar . The Kojonup bog-iron consists basically of the iron oxides 
hematite and goethite, quartz and a small amount of kaolinite. The minerals 
p r esent in these gravels and the mineralogical transformations that can take 
place d uring weathering suggest something abou t the relative ages of the 
gravels and the associated soil matrix . The degree of weathering and hence 
the minerals present is closely associated with the landscape and is borne 
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* 
out when the mineralogy and topography are related as in Fig. 5-2. An 
indication of whether the gravel has formed in situ in the "soil matrix ll 
or has formed elsewhere and since migrated is also shown in Fig. 5-2. 
Russell (1973) states that the weathering of a rock low in quartz would 
result in a soil high in clay and the weathering of a rock high in quartz 
would result in a soil low in clay. The most primary form of clay result-
ing from the weathering of parent material at "Yalanbee" (granite) would 
be as indicated by Gilkes et al (1973) (Fig. 1-2), kaolinite. Thus if a 
gravel was to form in situ in the soil matrix it would exhibit or capture 
the quartz:kaolin ratio of the soil matrix at the time of formation. 
Fig. 5-2 shows the mineralogical trends associated with the soils 
traversed and these can be related to the landscape by referring to the 
chapter on field work. In all cases the gravels contain considerably 
larger amounts of iron and aluminium minerals than the soil fraction does. 
As noted in Fig. 5-1 gibbsite and boehmite are absent from the Malebelling 
soil except in higher parts of the landscape where a small amount of gibb-
site is present in the gravel fraction (Fig. 5-2). As noted in the field 
work the gravels in this part of the landscape changed colour with respect 
to other gravels in the Malebelling soil. It appears that this change in 
colour and change in mineralogy are related as is borne out by X-ray 
examination of the outer surface of the Yalanbee gravels. The outer surface 
was composed of quartz, kaolin, boehmite, gibbsite and a small amount of 
goethite, which would explain the presence of gibbsite and the change in 
colour of the Malebelling gravels. 
The quartz-kaolin relationship is present in all fractions of all soils 
except the gravel fraction of the Yalanbee soil, which supports the field 
evidence that the Yalanbee gravels have migrated 'since their formation. There 
appears to be a broad relationship between the amount of gibbsite and boehmite 
in the gravel fraction of the Yalanbee soil which is to be expected since gibb-
site weathers to boehmite. This almost suggests that certain minerals are 
more abundant in gravels of particular sizes in the Yalanbee soil since the 
gravels are secondary. 
* Data tabulated in Appendix 5-4 
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TABLE 5.1 
Comparison of average surface areas 
(m2/g) of selected minerals within 
the gravel and fines fraction of 
the soil traversed. 
Mineral Soil Average surface area for transect 
Fraction Y 
Kaolin G 93.3 
F 99.4 
Gibbsite G 89.0 
F 103.4 
Boehmite G 91.9 
F 112.6 
Goethite G 90.7 
F 104.8 
Hematite G 60.4 
F n.d. 
a absent 
n.d. = not determinable 
1M 2M 
99.7 94.5 
77.9 89.8 
a 89.0 
a 93.0 
a a 
a a 
78.1 104.0 
102.1 103.9 
56.5 49.0 
n.d. 73.2 
G = gravel fraction 
F = fines fraction. 
K 
89.8 
80.9 
a 
a 
a 
a 
93.8 
120.1 
82.1 
n.d. 
TABLE 5.2 
% substitution of A1 for Fe in goethite (average) 
Soil y 1M 2M K Fraction 
G 2-3% 2-3% 7-10% 10-15% 
F 0% n.d. n.d. n.d. 
50. 
51 . 
The presence of a weatherable mineral (feldspar) particularly in 
the Malebelling gravels and soil suggests that this is a relatively 
young soil in comparison to the Yalanbee soil. 
* Data not presented here showed that there were no compositional 
changes associated with any of the minerals in any fraction of the soils 
along any transect. There were also no changes in crystal size of the 
minerals and the crystal size was not associated with the landscape. 
The average surface areas (m2/g) of particular minerals within the gravel 
and fines fractions of the transects is presented in Table 5.1. There 
is a general trend for the surface areas of minerals in the fine fraction 
to be larger than those in the gravel fraction, excepting kaolinite in 
most cases. Table 5.2 shows the percentage substitution of Al for Fe in 
goethite as an average for each transect. The substitution is greatest 
in the Kojonup gravels. This could be due to the presence of large amounts 
of dissolved aluminium in the groundwater. 
* Data tabulated in Appendix 5-3 
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6. PHOSPHATE ADSORPTION 
6.1 AIM: To investigate the adsorptive interactions of lateritic gravels 
with phosphate and to determine what effects the size, abundance and type 
of lateritic gravels have on the phosphate adsorption capacity of whole 
soils. 
6.2 MATERIALS AND METHODS 
This experiment was designed to show differences between the adsorptive 
capacities of different types of gravel, of whole soils compared with the 
fine frac tion and to show what "potential" gravels have for adsorbing phos-
phate. It was also designed to show whether adsorption by gravels was a 
function of mineralogy or size or both. 
Samples used were in the following categories: 
1. Gravels of the same mineralogy but of different sizes 
Y2.0, Y4.0, Y5.0 (Y3.0) 
2. Gravels of approximately the same size distribution but 
of differing mineralogies 
Y3.0, 2M2.0, K2.1 
3. The <2rnrn fraction corresponding to each of the samples in 
categories 1 and 2 
Y2.0, Y3.0, Y4.0, Y5.0, 2M2.0, K2.1 
4. The whole soils corresponding to each of the samples in 
categories 1 and 2 with the gravel size distribution and 
proportion represented as found in the nield 
Y2.0, Y3.0, Y4.0, Y5.0, 2M2.0, K2.1 
5. Ironstaining sample 
IM2.1 
6. Ground gravel (as was ground for X.R.D.) 
Y3.0 
The experiment was then a fractorial combination of 20 samples, 
five concentrations of phosphate and three periods of time. 
53. 
The phosphate source used was sodium di Hydrogen ortho phosphate 
(A.R.) (NaH 2P04 .2H20). The five concentrations of phosphate used were, 
0, 10, 40, 160 and 400 ~gP/ml. These were made up in D.I. H20. 
The samples were incubated at room temperature for one hour, 24 
hours and five weeks. 
The soil:solution ratio used was 1:5 (20gm:100ml) excepting the ground 
gravel sample in which 0.5gm was used in 100ml of solution. 
The gravels were cleaned in an ultrasonic bath using D.I. H20 for 
five to ten minutes and then dried at 600 C prior to being weighed. 
The initial pH of all samples was set between pH5-6 using the minimum 
amount of concentrated nitric acid(HN03 ) or sodium hydroxide (NaOH), excepting 
the gravels which in a preliminary experiment effected all pH changes to within 
the desired pH range by soaking in D.I. H20 for 24 hours. Excess water was 
removed from the gravels prior to their use in the experiments. 
The samples were not shaken during the period of the experiment, but 
were left standing for the desired period. 
After the desired period had expired, the phosphate remaining in solution 
was determined using the molybdovanadate method (see Appendix 6-1) and a pye 
Unicam SP8-100 series UV/VIS Spectrophotometer. Samples from categories 
3, 4, 5 and 6 were filtered through 0.45~m millip~re filters prior to analysis. 
6.3 RESULTS AND DISCUSSION 
Data are tabulated in appendices 6-2, 6-3 and 6-4 
Fig. 6~1 has been prepared to facilitate easy reference to the abundance 
and size distribution of the gravels used in this experiment so that constant 
reference to section 4 and Appendix 4-1 is not required. 
Fi" . 6-1 . Summary of f]r<lve~ sar,'plE's (thplr p!'rr"nt10P" and sizE' 
distributions) uSf'd in "r'sorption expE?rimrnts. 
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Figs. 6-2 to 6-25 inclusive repre s e nt the adsorption isotherms 
determined for this e xperiment. 
55 . 
Figs. 6-26, 6-27, 6-28 and 6-29 show reduced v e rsions of the isothe rms 
and are useful for rapid comparison purposes so that constant referral to 
the full size graphs is not always necessary. Figs. 6-26, 6_27 and 6-28 
show adso rption isotherms for gravels, fines and whole soil samples after 
one hour, 24 hours and five weeks respectively. Fig. 6-29 shows adsorption 
isotherms for all periods of time of the ground gravel and the iron-stain 
sample. Inspection of the isotherms as a whole reveals that there is 
increasing adsorption with increased concentration and increasing adsorption 
with longer periods of time. The isotherms reveal that phosphate is 
adsorbed by lateritic gravels and this adsorption appears to be a function 
of the size distribution of the gravels. This adsorption must also be a 
function of the mineralogy of the gravels. The relationship between 
adsorption and gravel size can best be seen by inspection of Figs. 6-2, 
6-3, 6~4, 6-5, 6-10, 6-11, 6-12, 6-13, 6-18, 6-19, 6-20 and 6 - 21. From 
these isotherms it is seen that adsorption increases with time (as can 
be seen by the change in scale of the y - axis) and increases as the grave l 
size decreases. The adsorption onto Malebelling and Kojonup gravels also 
increases with time (Figs. 6-6, 6-7, 6-14, 6-15, 6-22 and 6 - 23). Samples 
Y3.0, 2M2.0 and K2.1 have similar size distributions in the gravel fraction 
and yet show differing abilities to adsorb phosphate. The most pronounced 
effect is seen after five weeks where the Malebelling gravels adsorb the 
most and the Yalanbee and Kojonup gravels adsorb similarly except at lowe r 
concentrations where the Kojonup gravels adsorb more strongly. Thus 
adsorption of phosphate onto gravels appears to not only be related to size, 
but also to the nature of the surface and the mineralogy. Whether or not 
phosphate is adsorbed into the gravels is discussed in the next section. 
The potential that gravels have to adsorb phosphate is borne out in Figs. 
6-9, 6 -17 .and 6-25. After five weeks the ground gravel adsorbed 10 to 1 5 
times more phosphate per gram than the corresponding unground sample did. 
Thus if phosphate were adsorbed into the gravels we could expect large 
amounts of phosphate to be adsorbed and a relationship to be established 
between phosphate adsorbed and mass rather than size. 
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The fines fraction is the most highly adsorbing fraction of the soil 
in almost every case. The adsorption isotherms for the fines fraction of 
the Yalanbee soil are significantly different after one hour but are not 
significantly different after five weeks. These differences in the short 
term can probably be related to differences in mineralogy and short term 
entropic effects. In the short and long term the Yalanbee fines adsorbed 
more than the Malebelling fines which adsorbed more than the Kojonup fines 
fraction. This effect can be attributed directly to the mineralogy of 
these fractions (see Fig. 5-2). The Yalanbee soil contains larger amounts of 
sesquioxides in the form of boehmite and gibbsite than the other fines 
fractions. The adsorption isotherms for the whole soils exhibit trends 
according to the abundance and size of gravel present, which are related. 
In almost every case the adsorption isotherms for the whole soils lie 
between those for the gravel fraction and the fines fraction. The position 
of the whole soil isotherm appears to be a function of the abundance and 
size of the gravel present in the soil. If we compare Figs. 6_10, 6-11, 
6-12 and 6-13 we see that the "relative positions" of the isotherms for 
the whole soil and the gravel do not alter significantly suggesting that 
the adsorption capacity of the whole soil is directly related to the 
abundance and size of the gravel. Although the relative positions of the 
gravel and whole soil isotherms do not vary significantly with each other, 
they vary considerably in position with the fines isotherms, again depending 
on the size and abundance of gravel present. The positions of the whole 
soil isotherms associated with the Malebelling and Kojonup are also between 
the gravel and fines isotherms after 24 hours. The situation changes 
slightly after five weeks for the Kojonup soil with the whole soil and fines 
isotherms not significantly different and the gravel fraction being the most 
highly adsorbing. The situation described above for the Yalanbee soil 
(Figs. 6-10, 6-11, 6-12 and 6-13) after 24 hours .also applies after five 
weeks, the only difference being the increased adsorption due to time 
(see Figs. 6-18, 6-19, 6-20 and 6-21). The effect of gravel size and 
abundance on the whole soil isotherms is most pronounced here. Fig. 6-21 
shows that the Yalanbee soil containing 13% gravel has isotherms for the 
whole soil and fines that are not significantly different. 
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The whole soil i sotherms after 1 hour for all but one soil sample showed a similar 
trend. The whole soil i sotherms tend to b e s t raight and more highly 
adsorbing at higher concentrations of phosphate . This could be a 
short term effect attributable to a change i n the solution:soil ratio 
since the gravels are adsorbing little (as shown by the ir isotherms) 
after this time especially in Figs. 6-2, 6-3 and 6-4. Fig. 6- 5 shows 
otherwise, however, and since the gravel is highly adsorbing, possibly 
there is some compound effect in the whole soils at high concentrations 
of phosphate after short periods. If, however, there was an e ffe ct due 
to the solution:soil ratio it would sure ly be most pronounced in Fig. 6- 2 . 
In general the whole soil isotherms follow a similar trend afte r all time 
periods, although it is less pronounced after one hour than the other 
time periods. If one assumes that the adsorption of phosphate onto gravel 
is negligble after one hour in terms of its contributio n to the adsorption 
onto the whole soil, then Figs. 6-2, 6-3, 6-4 and 6-5 would represent the 
effect of solution:soil ratio on the adsorption of phosphate onto Yalanbee 
soil. 
The adsorption of phosphate onto the ironstaining sample, (Figs . 6-8 , 
6-16 and 6-34) increases with time but does not show the ability of the ground 
sample to adsorb phosphate. The ground gravel sample adsorbs most strongly 
after 24 hours than any other period. Some desorption may have taken place 
after five weeks. 
7. AUTORADIOGRAPHY 
7. AUTORADIOGRAPHY 
7.1 AIM: To assess whether phosphate is adsorbed onto the external 
surface of lateritic gravels or adsorbed into the gravels. 
7.2 MATERIALS AND METHODS 
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Two experiments were involved here. A preliminary experiment to 
determine the best exposure time for the main experiment and the main 
experiment. The preliminary experiment was along the same lines as the 
main experiment and so will not be described here. 
4 x lOgro samples of previously cleaned "fine" Yalanbee, "coarse" 
Yalanbee, Malebelling and Kojonup gravels were weighed and placed in 
suitably labelled (radioactive) containers. 500ml of each of a 10~gP/ml 
and 200~gP/ml solution were prepared and s eparate d into 25 0ml lots. 
1.25ml of a 60uCi/ml 32p solution was added to one of each of the 
10~gP/ml and 200~gP/ml solutions for use over the one week adsorbing 
period. 0 . 83 ml of the 60 uCi/ml 32p solution was added to the remaining 
10~gP/ml and 200~gP/ml solutions for use over the 24 hour adsorbing period. 
A syringe was used to deliver 50ml of the appropriate solution to each 
sample. The samples were left sealed in containers behind a perspex shie ld 
for the appropriate length of time (24 hours, one week) . 
After the required time had expired, the bulk of the radioactive 
solution was decanted off into disposable containers. The gravels were 
filtered through fast filter papers and washed tWice with D.I. water. 
They were left to drain for several minutes and then placed in rubber 
moulds before being dried in an oven at 500 C for two hours. Any work 
invol v i ng radioactive fluids was performed behind a perspex screen; the 
experimenter wearing suitable protective clothing and radiation detection 
badges and a geiger counter switched on in the vicinity. 
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After drying the samples were arranged to be as a single layer of 
gravel in the moulds. The samples were then embedded in resin under a 
vacuum (400-600mmHg) and left to set overnight. The resin used, Araldite 
AY103 and Hardener HY956 was mixed by volume, 100 parts araldite to 20 
parts hardener. 
After setting the samples were cut using a diamond saw with kerosene 
as a lubricant. The Kojonup samples were then dried to remove any lubricant 
and reimpregnated because of their friable nature, and then re-cut. The 
samples were then polished on a polishing wheel (with the entire apparatus 
in a perspex casing) using 220, 320, 400, 600 and 1200 grit before being 
finally polished on frosted glass with 1200 grit. 
The samples were then cleaned and dried. They were then exposed to 
Osray RP-l x-ray film in a light sealed draw by placing the samples face 
down on the film for three hours (result of preliminary experiment). The 
film was then developed and fixed (see Appendix 7-1). 
7 . 3 RESULTS AND DISCUSSION 
The criteria used for assessing the distribution of the adsorbed 
phosphate was based upon the uniformity of darkening of the film and to 
some extent the thickness of the sample. In this way it is possible in 
some cases to distinguish between darkening of the film due to adsorbed 
phosphate at a particular site and that which is an artifact due to 
scattered radiation and radiation coming through from the back of the 
specimen. 
Figures 7-1 and 7-2 show the samples and their corresponding auto-
radiographs for each type of sample. The page preceeding these figures 
shows the layout of the specimens with respect to the time and con-
centration used. Note that the sample and autoradiograph for the Yalanbee 
fine gravel (24 hours, 200~gP/ml) are arranged as a mirror image. 
SAMPLE AND AUToRADIOGRA~H LAY-OUT. 
24 hours. 1 week. 
1ougP/ml 
2onugf'/ml 
Figure 7-1 
Y ALANBEE (fine) 
-.. 
'j!' 
" 
.. ...... 
-I 
'. ....... 
• 
Y ALANBEE (coarse) 
Figure 7-2 
MALEBELLING 
KOJONUP (bog iron) 
Examination of Figures 7-1 and 7-2 reveals that in almost every 
case the adsorbed phosphate is found on the outside of the gravels. 
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The consistant darkening in the shape of gravels and lack of uniform 
darkening across the area of the exposed gravels implies that the phos-
phate is adsorbed on the exterior surface of the gravels. One must be 
careful to separate artifacts from the actual results since the cutting 
of a sample on an angle or having not cut the sample at least half way 
through may produce an artifact. Since most of the gravels in the 
Yalanbee "fine" samples show darkening only on the outside, it can be 
assumed that the thickness of the samples has little effect in producing 
artifacts in most cases and therefore a uniform darkening of the film 
would reveal adsorption into the gravel. The enhanced darkening in some 
specimens may be due to either a gravel with a high adsorbing capacity or 
due to poor technique in sample washing. The photographic process also 
enhances some darkening. 
It is interesting to note that phosphate is adsorbed into cracks in 
the gravels. An example of this is in Fig. 7-1 in the Yalanbee "coarse" 
gravel (200~gP/ml, one week). It does not appear to go any further 
than the crack. 
In Fig. 7-2 a Malebelling gravel (200~gP/ml, one week) shows uniform 
darkening. The nature of this gravel appears very different to any other 
in the Malebelling soil. Its adsorption of phosphate is attributed to 
this difference, most likely in physical characteristics. One other gravel 
in this sample also showed a uniform darkening which stopped at quartz 
grains to exhibit the rock fabric of the interior of the gravel. It is 
difficult to see in Fig. 7-2 but easily seen in the actual auto-
radiograph because of the loss of detail in the photography. This 
suggests that some gravels have some sort of porosity associated with 
them. In -general, however , the phosphate appears to have been adsorbed 
onto the exterior surface of the gravels. 
8. ELECTRON MICROSCOPY 
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8. ELECTRON MICROSCOPY 
8.1 AIM: To determine the nature of the adsorbing surfaces on lateritic 
gravels and to assess whether there is any porosity associated with these 
gravels. 
8.2 MATERIALS AND METHODS 
Two gravels of a size suitable for e lectron microscope work were 
chosen at random from each of the Yalanbee, Malebelling and Kojonup soils. 
The gravels had previously been cleaned and dried as in the phosphate 
adsorption experiments. One of each type of gravel was fractured and 
mounted to expose the fractured surface. The other gravels were mounted 
with the externa l surface exposed. 
The electron microscope work was carried out at QEII Medical Centre. 
Electron micrographs of random sections of the surface and EDAX 
(Energy Dispersive Analysis of X-rays) readouts of the exposed surfaces 
were prepared. 
8.3 RESULTS AND DISCUSSION 
Figures 8-1, 8~2 and 8-3 show electron micrographs for Yalanbee, 
Malebelling and Kojonup gravels respectively. Explanatory notes are on 
the facing pages of each of these figures. 
Inspection of the micrographs corresponding to the exterior surfaces 
of the gravels shows immediate differences in the . nature of the adsorbing 
surfaces both between sample s and within the sample s for Malebelling and 
Kojonup gravels. 
In comparing the three types of gravel it can be seen that the Yalanbee 
gravels have a much smoother and denser surface than the other gravels. The 
surface is also very uniform as seen by the similarity of micrographs from 
random sections of the exterior surface. The Malebelling and Kojonup 
gravels exhibit a much coarser surface texture and greate r variability within 
Figure 8-2 
Fig 8-2. 
A. ~lALEBELLING EXTERIOH SURFACE. 
B. MALEBELLING EXTERIOR SURn,CE. 
C. MALEBELLING FRACTURED SURFACE. 
D. ~lALEBELLING FRACTURED SURFACE. 
Figure 8-1 
Fig B-1. 
A. YALANBEE EXTERIOR SURFACE. 
B. YALANBEE EXTERIOR SURFACE. 
C. YALAr'JBEE FRACTURED SURFACE. 
D. YALANBEE FRACTURED SURFACE. 
Fig B-3. 
A. KOJONUP EXTERIOR SURFACE. 
B. KOJONUP EXTERIOR SURFACE. 
C. KOJONUP FRACTURED SURFI'CE. 
D. KOJONUP FRACTUHED SURFi'lCE. 
Figure 8-3 
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the surface. If this texture exists beyond the surface there could be 
some porosity associated with these gravels Fig. 8-2(A) shows what 
could be collapsed fungal hyphae associated with the outside surface of 
Malebelling gravels (bottom of micrograph) . 
The fractured surfaces of the gravels also exhibit various natures. 
The Yalanbee gravels are again very densely packed and exhibit no porous 
structure. Fig. 8-1(C) shows what may be fungal hyphae associated with 
the interior of the gravel. Fig. 8~1(0) (35mm up from the base and 20mm 
from the left hand edge) shows what could be microbial spores. The 
denseness and lack of porosity found in these gravels suggests that the 
microbial association is possibly through a crack or cleavage plane 
associated with the gravel which may have been closed due to the colluvial 
processes involved with these gravels. 
The fractured surface of the Malebelling gravel exhibits a more open 
fabric a nd appears less dense than the Yalanbee gravels. There is also a 
well established microbial element associated with these gravels (Fig. 8-2 
(C) and (0)). Fig . 8 - 2 (C) shows fungal and bacterial hyphae and it appears 
that fungal activity is more pronounced than bacterial activity. This 
suggests that the moisture content is low. The bacteria appear to be 
"actinomycete- like" (personal communication Dr. K. Sivasithamparam, 
Department of Soil Science and Plant Nutrition, University of western 
Australia). Some of the hyphae are collapsed in Fig. 8.2(C) suggesting 
a l ow moisture content or the hyphae walls lack rigidity. Spores and 
collapsed spore cases can be seen in Fig. 8 - 2(0) as well as other microbial 
activity . The presence of micro-organisms in the gravel may be due to the 
possibility of the presence of a porous structure in the gravel. This is 
further supported by the microbial association wi'th the exterior of the 
gravel. The possibility that the micro-organisms remain preserved in situ 
as a result of the formation of the gravel still remains. 
The interior of the Kojonup bog- iron (Fig. 8-3 (C) and (0)) is very 
porous and shows no microbial association. 
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Jiip- 8- 4 . ~.DAX results for s lected nT~vel sl1rfaces . 
MALEBELLING (exte rior ) 
KO J ONUP (exte rior) 
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The EDAX r e sults are shown in Fig. 8-4. The EDAX results for the 
Yalanbee gravel shows large amounts of aluminium associated with the 
inside and outside o f the gravel. Small amounts of iron and silicon 
are also present. The Malebelling gravel exhibits larger amounts of 
iron present on the interior surface as does the Kojonup bog-iron. 
Large amounts of aluminium and silicon are found on the exterior surface 
of these gravels in comparison; aluminium more predominant in Male-
belling and silicon in Kojonup. 
9. GENERAL DISCUSSION 
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9. GENERAL DISCUSSION 
The results found throughout each section of work in this project 
compliments each other section in such a way as to produce a complex 
set of relationships which can be presented more simply on an agricultural 
basis. 
It seems evident from the results that lateritic gravels do adsorb 
phosphate. The adsorption of phosphate by a whole soil, would then be a 
function of its mineralogy, the abundance and size of the gravel present 
(since adsorption is mostly on the outside surface of gravels) and any 
other factors which may be present and affect the adsorption process. 
The nature of the adsorbing surface presented by the gravel must be 
included in these factors, as must the relationship of the gravel with 
the landscape and the soil. 
Fig. 9-1 represents data calculated on the basis of the fertilization 
practices on Yalanbee soil for the optimum growth of clover and wheat. 
Figures used here were 400~gP/g soil for the growth of clover and 170~gP/g 
soil for wheat (personal communication - Dr. A.D. Robson, Department of 
Soil Science and Plant Nutrition, University of western Australia). These 
figures are on the basis of sieved soil samples, hence estimations of the 
phosphate concentration required on a whole soil to obtain the same 
"equilibrium concentration" for optimum growth can be made from the 
adsorption isotherms. This method assumes that the soil is stable and 
is not affected by the solution:soil ratio. The calculations were based 
on the five week adsorption isotherms. From Fig. 9-1 it can be seen that 
wheat would be effected over a much narrower range of gravel because of 
the lower concentration of phosphate required for optimum growth. Clover 
is affected over a wider range because of the higher phosphate concentration 
required. In soils with large quantities of gravel (say 60%) the fert-
ilization rate could be reduced by up to 50% and the optimum growth of 
clover and wheat still be maintained. 
Gravel may also have other effects on the soil such as reducing the 
water holding capacity of the soil and thus limiting plant growth more 
through mois ture deficiency than through nutrient deficiency. The presence 
of a microbial association with some gravels may be advantageous to plants 
in terms of nutrition, especially if the association is with the plant also. 
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Many trace elements are concentrated in gravels and if fungal hyphae 
can explore the interior of gravels, the nutritional benefit to the 
plant could be far reaching. 
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10. CONCLUSIONS 
1. Lateritic gravels show some distributary patterns which 
depend on the soil type and the landscape. 
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2. Differences in mineralogy, colour, shape, size and abundance 
of gravels are exhibited in different soil types. 
3. Lateritic gravels do adsorb phosphate, hence they should be 
included in phosphate adsorption experiments and plant growth 
experiments even though there are difficulties associated with 
the uniform representation of field conditions. 
4. The adsorption of phosphate onto lateritic gravels is mainly 
on the external surface unless there is a defect in the gravel. 
5. The abundance and size of lateritic gravels in the soil affects 
the adsorptive capacity of the whole soil and hence effects the 
fertilization practice required to give optimum growth. 
6. Some gravels have microbial associations of which the benefit 
to the plant has not yet been ascertained. 
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APPENDIX 4-1 
Sieving - % by weight of different size fractions 
Sample %grave1 %>8.0 %5 .6-8.0 %4.0-5.6 %2.8-4.0 <2.0 -2.8 in soil 
Y2.0 60.9 70.4 15.6 7.3 4.0 2.7 
Y2.1 78.7 42.2 31.1 14.9 7.6 4.2 
Y3.0 54.8 41.0 29.5 16.7 8 .1 4.6 
Y3.1 71.1 50.6 31.9 11.5 4.0 1.9 
Y4.0 46.3 12.4 22.5 31.5 21.4 12.1 
Y4.1 64.1 25.6 34.9 23.2 11.1 5.2 
Y5.0 13.3 0.0 1.0 15.9 43.7 39.3 
Y5.1 24.2 0.5 2.4 23.0 44.2 29.9 
1M1.1 n.d. n.d. n.d. n.d. n.d. n.d. 
IM2.0 41.4 32.1 26.7 16.1 10.6 14.3 
* IM2 . 1 63.2 42.3 20.5 l3.7 12.3 11.1 
IM3 . 0 16.8 0.3 2.0 5.5 12.0 80.1 
* 1M3 . 1 68 .4 36.0 15.8 10.6 12.6 24.9 
* 1M4.1 63.9 41.2 15.9 12.2 14.2 16.4 
2M1.0 10.6 3.2 5 .3 14.1 32.2 45.0 
2M2.0 41. 2 35.7 23.1 15.6 12.5 12.9 
2M4.0 15.7 6.5 5.3 12.6 18.7 56.8 
2M4.1 11.5 5.5 7.1 15. 9 32.4 39.0 
2M5.0 27.2 6.4 10.6 21.1 28.9 32.8 
2M5.1 42.9 30.8 l3.4 17.1 19.9 18.7 
K1.1 17.1 66.6 14.0 7.8 6.1 4.3 
K2.1 33.4 71.5 10.4 6.2 9.0 2.8 
* These samples contained soft and hard mottles, hence this data 
was not used in the graphical representation. 
n.d. not determined. 
93. 
%>2.0 
39.1 
21.3 
45.2 
28.9 
53.7 
35.9 
86.7 
75.8 
n.d. 
58.6 
36.8 
83.2 
31.6 
36. 1 
89.4 
58.6 
84.3 
90.5 
72.8 
57.1 
82.9 
66.6 
APPENDIX 5~1 
Calibration of X-ray diffraction pattern 
1. Use quartz peaks as standards 
2. Draw calibration curve using quartz peaks 
e. g. 2 e- vs L'> 2 9 (should be linear) 
(i) measure 2 &- of quartz peaks on X.R.D. pattern 
(ii) calculate d spacing of measured 2 ~ angle using 
the Bragg equation nA = 2dsin G-
(iii) from literature values of d spacing (J.C.P.D.S.) 
calculate the true 2 ~ 
(iv) find difference between measured and literature 
values of 29 ; this gives A 2S = ±Xo 
(v) plot L'> 2 S vs 2e-
3. For all other mineral peaks 
correct other mineral peaks by adding or subtracting 
the L'> 2 S error obtained from the calibration curve 
N.B. L'> 2 S = + 
L'> 2& 
subtract t. 2 (9 from 2 ~ angle 
add A 2&- to 2 S angle. 
94. 
4. From corrected 2e angle, look up or calculate the corrected 
d-spacing. 
APPENDIX 5-2 
Ratios of Standard Minerals using CaF2 standard 
Mineral 
Gibbsite 
Kaolin 
Quartz 
Boehmite 
Anatase 
Rutile 
Goethite 
Hematite 
Maghemite 
(lOgm of sample and 2.5gm CaF2) 
d-spacing 
4.85 
4.38 
7.12 
3.58 
4.24 
3.34 
6.11 
3.51 
3.25 
4.18 
3.670 
2.69 
2.96 
Calculations Intensity(Mineral peak) 
Intensity (CaF2 peak) 
x 
Ratio 
38+ 
92 
169+ 
180+ 
43 
8 
115 
10 
8 
86 
32 
13 
46 
Ratio 
95 . 
% Mineral 
Using Intensity as a basis (~ X% of Mineral) the % of each mineral 
in each sample could be calculated. 
'" CO) 
hi',ULINITE 
GIBBSITE 
BOEHM ITE 
HE~lhTITE 
GOETHITE 
APPUJOIX 5-3 
CI\LCUL4TED [I-SPI1CINGS F(1R SELECTED tUfJml1LS rlF SAl If I ES 
d Y1 Y2 . 0 Y2.1 Y3.0 Y3.1 Y4.0 
(gravel fraction) 
7.18 7 . 1598 7 . 19% 7.2028 7 . 1897 7 . 1947 7.1943 
4.48 4.4492 4. 4599 4 . 4815 4. 4754 4. 4571 4 . 45')0 
3.58 3 . 5742 3 . 5823 3 . 5734 3 . 5803 3 . 5773 3 . 5775 
4.85 4 . B442 4. B474 4 . B4/32 4. B420 4 . B3il9 4 . 853fi 
4 . 37 4 . 3677 4 . 3751 4.3642 4. 35B6 4 . 3661 4 . 3641, 
2 . 3B 2 . 3B92 2 . 3B74 2 . 3B64 2 . 3817 2 . 3913 2.3930 
6.11 6.1265 6 . 1295 6.1135 5 . 1337 fi . 1455 6 . 1403 
3 . 16 3.1662 3 . 1661 3 . 1fi17 3 . 1590 3 . 16;:>9 3 . 1664 
2.34 2 . 349B 2 . 3439 2.348B 2 . 3458 2 . 3458 2 . 348A 
3 . 66 3 . 6721 3 . 6679 3 . 6757 3 . 6653 3 . fi640 3 . 6529 
2.69 2. 6955 2. 6948 2 . 6950 2 . 6908 2 . 6906 2 . 6955 
2 . 51 2 . 5103 2. 5076 2 . 5054 2. 5429 ?5089 
4.18 4 . 1356 4. 1442 4 . 1330 4 . 1343 4 . 1603 4 . 14B7 
2 . 69 2 . 6955 2. 6948 2 . 6950 2 . 6908 2 . 6906 2 . 6955 
2.45 2 . 4583 2 . 4552 2 . 45 75 2.4569 2 . 4573 
Y4.1 Y5.0 Y5 . 1 
7 . 2090 7 . ('322 7.2~20 
4.4 454 4. 4771 
3 . 582B 3. 5795 3 . 5771 
4. []469 4 . 8486 4 . B4/39 
4. 3717 4. 3B45 4 . 3717 
2. 3879 2 . 3916 2 . 39?7 
6 . 1351 6 . 1447 6 .1 545 
3 . 1fi1B 3 . 1677 
2 . 3478 2 . 3567 2 . 3493 
3 . 6698 3 . 6618 
2. 6970 2. 6B32 2. 6746 
2.5083 2 . 5092 2. 5008 
4. 1503 
2 . 6970 
?4561 
r-
'" 
KAOLINITE 
GIBE:JSITE 
lJOEHhITE 
GOt. THITE 
d 
7.18 
4.48 
3.58 
4.85 
1,.37 
2.38 
6.11 
3.15 
2.34 
4.18 
2.69 
7.45 
Y2.0 Y2.1 
7.1677 7.1597 
4.4249 
3.5770 3.5744 
4.8436 4.841rJ 
4.3710 4.3539 
2.3721 2.3868 
6.1376 6.1186 
2.3469 
4.1299 4.1512 
2.4573 2.4558 
APPENDIX 5-3 cnnt. 
Y3.0 Y3.1 Y4.0 Y4.1 Y5.0 Y5.1 
(finE' fractinn) 
7.1142 7.1716 7.1646 7.1306 7.1744 7.1352 
4.4256 4.4322 4.4429 4.4165 4.4519 
3.5707 3.5776 3.5698 3.5652 3.5620 3.5722 
4.82138 4.8320 4.81,02 1,.8282 1,.8414 4.fl293 
1,.3551, 1,.3558 4.3534 4.3619 4.3716 
2.3848 2.3902 2.3871 2.31365 2.31331 2 . 3884 
6.Qg15 5.1297 6.128Q 6.0809 6.1134 6.1154 
2.3492 2.3505 2.3471 2.3516 2.3513 2.3497 
(,.1426 4.1660 4.1691 4.1534 4.1608 
2.4538 2.4517 2.4549 2.4585 
0) 
'" 
hl-10LINITE 
HEi-IATITE 
GOETHITE 
ILLITE 
hAOLINITE 
ILLITE 
d 
7.18 
4.48 
3.58 
3.66 
2.69 
2 .51 
4.18 
2.69 
2.45 
9.90 
7.18 
4.48 
3.58 
9.90 
l\PI;ENDIX 5-3 cont. 
W1.0 1M 1.1 1~'2.0 1M2.1 1M3.0 1t~3. 1 1M4.1 
(irnn-stain and gravel fraction) 
7.1370 7.1594 7.1418 7.1844 7.1730 7.1735 7.1652 
4.4239 4.4308 4.4373 4.4540 4.4405 4.4382 4.4471 
3.5700 3.5715 3.5787 3.5772 3.5770 3.5777 3.5785 
3.6479 3.6r,09 3.6774 3.6768 3.Fi670 3.6760 3.6757 
2.6906 2.692? 2.6918 2.5955 2.6974 2.6951 2.6955 
2.5045 2.5084 2.5120 2.5110 2.5068 2.5110 2.5125 
4.1758 4.1755 4.1536 4.1541 4.1543 4.1546 4.1639 
2.6906 2 .6922 2.fi918 2.6955 2.6974 2.6951 2.6955 
2.4563 2.4581 2.4584 ?4588 2.4508 2.4573 2.4562 
10.0181 10.1190 10.1011 10.0462 10.0522 10.0442 10.0308 
(fine fraction) 
7.1101 7.1111 7.1293 7.1176 7.1528 7.1297 
4.4476 4.4378 4.4349 4.4345 4.4425 4.4434 
3.5709 3.5715 3.5739 3.5745 3.5693 3.5709 
10.0436 9.9456 9.9436 10.1129 10.0524 
<j) 
<j) 
K!;OLIP"ITE 
HEtiATITE 
G[lETHITE 
ILLITE 
KAOLIf,ITE 
ILLITE 
d 
7.18 
4.4[' 
3.58 
3.66 
2.69 
2.51 
4.18 
2.69 
2.45 
9.90 
7.18 
4.48 
3.58 
9.90 
2M1.0 
7.1755 
4.4452 
3 . 5"'49 
2.6844 
2.5022 
4.1477 
2.5831 
2.4552 
10.0619 
7.1 209 
4.4447 
3.5594 
9.8886 
APPE~DIX 5-3 cont. 
2M2.0 2M3.0 2t'4.0 2~14. 1 2~15. 0 2~! 5. 1 
(iron-stain and gravel fraction) 
7.1915 7.1':'56 7 .1615 7.1444 7.1592 7.140P 
4.4375 4.4578 4.4532 4.4508 4.4474 4.4386 
3.5749 3.5752 3.5834 3.57'"'2 ~'. ~~796 3.5738 
3.G4S9 3 . 661 1 3.6504 3.6556 3. 6642 3 . 6G16 
2.6852 2.682G 2 . 59 48 ;:>.6872 2.6929 2.6917 
2.5062 2.5071 2.5034 2.5085 2.5089 
4.1462 4.1426 4.1530 4.1299 4.1521 
2.5852 
2.4555 
10.0613 9.91'15 9.9359 9.9857 9.9132 
(fine fraction) 
7.1355 7.1725 7.1739 7.1372 7.1461 
4.4425 4.4554 4.4448 4.4310 4.4512 
3.5719 3.5967 3.5775 3.5770 3.5754 
9.9775 9.9861 9.9500 9.9314 9.9410 
o 
o 
M 
KAULINITE 
HE~1 ATITE 
GGE.TH ITE 
KACLINITE 
GOE.THITE 
d 1'11.0 
7.18 7 . 2115 
4 . 48 4 . 4536 
3.58 3 . 5789 
3 . 66 
2. 69 
2.51 
4 . 11' 4 . 1961 
2 . 69 
2 . 45 2 . 4596 
7 . 18 
4 . 48 
3 . 58 
4. 18 
2.69 
2.45 
APPENDIX 5-3 cnnt . 
1'11 . 1 1'12 . 0 1'12.1 1'13 . 1 
<iron - stain ann qrRvpl frRctinn) 
7 . 1412 7 . 1840 7 . 1750 7 . 1721 
4 . 4430 4 . 4590 4 . 4377 4 . 4594 
3 . 5727 3 . 5787 3 . 5681 3 . 5776 
3.6533 
2 . 6745 2 . 6871 
2. 4957 
4. 1698 4. 2101 4. 1845 4. 2003 
2 . 6745 2.6871 
2 . 4568 2.4555 2 . 4Sfl4 
(finE' fraction) 
7.1528 7 . 1768 
4. 4530 4 . 4565 
3 . 5745 3.5775 
4.1798 4 .1 966 
2 . 4574 2. 4554 
, 
.-< 
a 
.-< 
APPEr~DIX 5-4. 
SE~II-l,UI\NTITdTIVE XRD D~ITA C%). 
Y1 Y2 Y3 Y4 Y5 K1 K2 
G F G F G F G F G F G F 
QUARTZ 30.5 21.3 40.fi 20 . 4 5B . B 37.fi fiO . 7 43.3 B1 . 0 QUARTZ 4B.fi 96.6 6( . 6 91 . 5 
MAOLINITE 26.4 7 . El 3'.('; 10.0 23.3 1B . B 1B . 6 17.0 8.9 tlMuLIIHTE 30.9 2.9 7.5 7. 9 
GIdBSITE 18.9 27 . 9 10.2 7.3 7.4 12.8 6.4 5.7 2.5 GOUHITE 18.4 tr 23 . 1 tr 
BOEH~iITE 12.1 35.1 5.7 52.fi 10 . 4 19.7 B.4 13 . [J 4.2 HDIATITE o.fi 1. 3 
GOETHITE 10.B 6.5 5.2 4.0 3.2 6.7 3. 6 tr 1.2 FELDSPAR 1.0 0.4 1.3 0.4 
HENATITE 0.9 0.6 2 . 2 1.7 2.2 ILLITE tr tr tr tr 
I1NATASE 0.3 tr 0.4 0.2 0.4 0.5 0 . 4 o . B 0 . 2 
t'IAGHE~1 ITE tr 0 . 3 3.0 2.4 1.1 
FELDSPMR 2.1 1.4 1.8 1.7 
1M1 1M2 1M3 1~14 
G F G F G F G F 
WUARTZ 27.4 69.5 13.2 65.B 21 . 5 Bo . O B. P fio . 4 r, = gravel fraction 
KADLINITE 43 . 8 25 . 5 50 . 6 31.2 46.7 18.4 59 . 9 39 . 5 F = fine fraction 
GOETHITE 1(';.9 tr 25.7 tr 15.4 tr 17.5 tr 
HEt'ikTITE 6.1 9.8 15.7 13.2 
~'jAGHEHITE tr tr tr tr 
FELDSPAR 5.5 3.2 tr 2 . 7 tr 0.9 tr tr 
ILLITE tr 1.1 tr 0.6 tr O.fi 0.4 tr 
2M1 2~12 2t'14 2M5 
G F G F G F G F 
QUARTZ 29.0 69.6 45.5 fi1.2 39.9 3fi . 3 1El.2 57.2 
KAOLINITE 68.1 28.5 33.B 37.5 31.5 49 . 5 59.0 2B.B 
GOETHITE tr 17.7 tr tr tr 2.0 tr 
HE~i" Tl TE 0.5 tr 2.7 0.4 0 . 6 0.2 3.5 0.2 
~,AGHE~! ITE tr tr tr tr tr tr 
llLl1E tr D.FI tr 2.9 4 . 9 7 . 0 2 . 5 
FELDSPAR 1.3 0.5 0.3 7. 4 7. 6 7 . 5 9 . 5 
GIBBSITE 1. 6 0 . 8 
APPENDIX 6-1 
Molybdovanadate method of Phosphorus Analysis 
1. Vanadate reagent: Add 19m of NH4V03 to 200mls of H20. 
Heat and stir to dissolve salt. Cool the solution, add 
SOOml of H20 and then 200ml of 32% HC1. Dilute to two 
litres. 
2. Molybdate reagant: Dissolve 2Sgm of (HN4)6M07024.4H20 in 
two litres of water. 
3. Standards: 0, 10, 30, 60, 100, 200, 300, 400 and SOO~gP/ml 
in 1.OM HC1. 
102. 
4. Method: Take 2ml of solution and add 10ml of vanadate reagent 
and 8ml of molybdate reagent. Measure the absorbance at 460nm. 
Samples and standards are treated in the same manner. 
106 . 
APPENDIX 7-1 
Processing of Osray RP-l X-ray film 
1. Film placed in frame with X-ray safe lights on and developed 
in G150 developer by agitating for the first 30 seconds and 
thereafter for five seconds every minute for four minutes 
(solution at 70oF). Development time is temperature dependent. 
Temperature OF 
Time 
(minutes) 
64 
6 
68 
5 
72 75 79 82 
4 3.5 3 2.5 
2. The film was rinsed in water for 20 seconds after development. 
3. The film was fixed in G334 fixer by agitating for the first 30 
seconds and by leaving it in the fixing tank for twice as long 
as was necessary to clear the film (generally one minute) . 
4 . The film was then washed in running water for 20 minutes and 
then immersed for two minutes in a solution containing a wetting 
agent and then hung up to dry. 
, 
103 . 
APPENDIX 6-2 
Adsorption data for 1 hour isotherms 
Gravel Fines Whole soil 
--Sample P. Cone. Ads.P. P . Conc . Ads.P. p.Conc. Ads.P·_ 2 IlgP/ml -2 IlgP/ ml - 2 IlgP/ml Ilg/gx1 O Ilg/gx1O Ilg /gx1O 
.. 
-Y2.O 0 0 ' . 0 0 0 0 
8.945 . 011 4.476 .196 7.540 .085 
38.472 . 083 28.854 .501 32.188 .340 
156.527 .256 143.347 1.067 145.228 .722 
403.473 .299 345 .899 3.004 356 .7 50 1. 742 
Y3.0 0 0 0 0 0 0 
8.805 .0lD 4.040 .218 7.540 .085 
39.307 .022 29 .725 .457 33.888 .255 
159.136 .131 131. 593 1.654 142.678 .850 
394.963 .392 373.760 1.611 351.651 1.997 
Y4.0 0 0 0 0 0 0 
8.945 .021 4.476 .196 7.115 .106 
37.178 . 086 30.596 .414 31.763 . 361 
155.244 .3 27 143.782 1.045 138.854 1.041 
394.331 . 556 379 . 855 1.306 339 .7 52 2.592 
Y5.0 0 0 0 0 0 0 
8.089 .064 3.169 .261 6.690 .128 
35.039 .192 27.983 .544 29.638 .468 
141. 983 . 984 134.640 1.502 136.729 1.147 
377.220 1.412 373.760 1.611 343.152 2 .4 22 
2M2.0 0 0 0 0 0 0 
8 . 805 .010 5 .346 .152 7.540 .085 
38.436 .065 31.031 .392 33.888 .255 
157.829 .196 145 . 958 .936 146 . 928 .638 
393.219 .479 384.208 1.089 355.051 1.827 
K2.1 0 0 0 0 0 0 
8.760 .002 6 . 652 .087 8.332 .022 
40.008 .0lD 33 .643 .261 35 . 875 .215 
161.543 .043 152.053 .631 152.505 .495 
391. 083 . 086 384.208 1.089 370.426 1.119 
Sample P.conc. Ads.P. 
Ilgp/ ml - 2 Ilg/gx10 
IM2.1 0 0 
6.652 . 072 
35.384 .150 
155.101 .441 
378.114 1.202 
Y3.0 0 0 
(ground) 4 . 916 7.76 
34.699 11. 224 
149.515 22 .17 0 
381. 905 47.090 
104. 
APPENDIX 6-3 
Adsorption data for 24 hour isotherms 
Gravel Fines Whole soil 
Sample P.Conc. Ads.P. P.Conc. Ads.P. P.Conc. Ads.P. 
IlgP/m1 -2 IlgP/m1 -2 IlgP/m1 -2 Ilg/gx10 Ilg/gx10 Ilg/gxlO 
Y2.0 0 0 0 0 0 0 
7.506 .065 3.169 .261 5.749 .151 
36.426 .194 22.324 .827 27.268 .646 
157.285 .216 108.085 2.829 127.113 1.764 
400.897 .228 294.529 5.572 335.136 2.884 
Y3.0 0 0 0 0 0 0 
7.498 .065 .993 .370 3.598 .258 
36.257 .174 15.359 1.175 22.964 .861 
150.421 .566 93.719 3.548 114.202 2.410 
386.248 .828 269.28 6.835 331. 693 3.056 
Y4.0 0 0 0 0 0 0 
5.779 .151 1.428 .348 4.028 .237 
31.678 .432 18.406 1.023 22.964 .8101 
135.271 1.266 95.025 3.483 106.456 2.797 
358.596 2.343 271. 892 6.704 292.099 5.035 
Y5.0 0 0 0 0 0 0 
5.348 .173 .993 .370 2.306 .323 
26.498 .691 19.277 .979 19.952 1.011 
123.617 1.849 93.283 3.569 93 .114 3.464 
328.380 3.854 263.185 7.139 266.277 6.326 
2M2.0 0 0 0 0 0 0 
7.063 .087 4.141 .255 4.889 .194 
32.771 .349 20.714 .914 27.268 .646 
146.499 .763 115.481 2.210 127.974 1. 721 
361. 846 2.048 293.856 4.887 327.389 3.271 
K2.1 0 0 0 0 0 0 
7.040 .086 7.040 .086 6.652 .087 
36.306 .194 28.989 .559 33.643 .261 
157.239 .258 148.201 .710 1 52 .053 .630 
389.362 .172 360.958 1. 592 384.208 1.089 
Sample P.conc. Ads.P·_2 IlgP/m1 llg/ gx10 
1M2.1 0 0 
5.840 .170 
29.213 .489 
130.354 1.466 
344.002 2.380 
Y3.0 0 0 
(ground) 4.028 9.468 
29.850 20.658 
143.898 37.010 
355.793 74.024 
105 . 
APPENDIX 6-4 
Adsorption data for 5 week isotherms 
Gravel Fines Whole Soil 
Sample P.Conc. Ads.P·_2 P.Conc. Ads.P·_ 2 
P .Conc. Ads.P·_2 
IlgP/ml Ilg/gx10 IlgP/ml )Jg/gx10 IlgP/ml Ilg/gx10 
Y2.0 0 0 0 0 0 0 
4.729 .232 0 .46 9 0 .469 
29.754 .457 .860 1.902 5.892 1.649 
138.635 1.151 28.110 6.678 83.885 3.888 
354.541 2.546 170.490 1l.748 281. 455 6.199 
Y3.0 0 0 0 0 0 0 
2.095 .364 0 .469 0 .469 
24.046 .742 .860 1.902 1.045 1.892 
119.757 2.095 16.243 7.271 54.362 5 .365 
331. 711 3.687 133.572 13.594 217.122 9.417 
Y4.0 0 0 0 0 0 0 
0 .469 0 .469 0 .469 
7.363 1.576 .860 1.902 .605 1.914 
81.121 4.027 21.957 6.985 36.737 6.246 
237.758 8.385 141.483 13.198 183.634 11. 091 
Y5.0 0 0 0 0 0 0 
0 .469 0 .469 0 .46 9 
4.729 1.708 0 1.944 0 1. 945 
59.170 5.124 14.045 7.381 12.502 7.458 
199.122 10.317 123.903 14.078 121.944 14.175 
2M2.0 0 0 0 0 0 0 
.338 .452 0 .469 0 .469 
14.827 1.203 2.179 1.836 4.130 1. 738 
83.756 3.895 43.492 5.908 67.141 4.726 
290.442 5.751 215.320 9.507 244.44 8.051 
K2.1 0 0 0 0 0 0 
0 .469 .860 .426 0 .469 
11. 753 1.357 21. 078 .891 19.993 .945 
99.122 3.127 132.712 1.447 134.999 1.334 
340.492 3.248 366.509 1.947 366.938 1.926 
Sample P.conc. Ads.P'-2 
IlgP/ml )Jg/gx10 
IM2.1 0 0 
0 .369 
12.061 1.074 
114.289 1. 741 
324.637 3.386 
Y3.0 0 0 
(ground) .421 17.904 
25.033 27.714 
141. 941 39.438 
377.936 55.034 
